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ABSTRACT
THE EPIZOOTIOLOGY OF THE GYPSY MOTH
(LYMANTRIA DISPAR L.) NUCLEAR POLYHEDROSIS VIRUS
February 1989
STEPHEN A. WOODS
B.S. UNIVERSITY OF MASSACHUSETTS
M.S. WASHINGTON STATE UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Professor Joseph S. Elkinton

The epizootiology of the gypsy moth, Lymantria dispar
L., nuclear polyhedrosis virus

(NPV) and its applications to

integrated pest management was investigated. Prevalence and
mortality rates were estimated by rearing larvae in diet
cups. NPV contamination in egg masses was assessed by hatch¬
ing and rearing larvae on diet. A bimodal temporal pattern
of mortality was observed in all 9 populations. Patterns
were established several weeks before mortality. Mortality
was unrelated to temperature, rainfall, and solar radiation.
The bimodality was also apparent in NPV contamination on fo¬
liage and in larvae reared together in the laboratory from
contaminated eggs. Larvae reared individually did not exhib¬
it the second "wave" of mortality.
Neonates were released onto tree stems that were either
disinfected, sprayed with NPV or untreated. Larvae were
later collected into diet cups. Subsequent mortality was re¬
lated to the degree of bark contamination and indicates that

vi

bark surfaces may play a role in transmitting NPV to subse¬
quent generations.
A variety of factors were investigated for their influence on NPV epizootiology. Contamination was higher among
egg masses oviposited on tree stems than on other surfaces
and was lower among egg masses on black oaks than on white
oak, red oak or black birch in one of the three research
sites. Contamination was unrelated to collection date, com¬
pass orientation and fecundity. Larvae from pitch pine ex¬
perienced higher infection rates than those from white and
black oaks.
Prevalence of NPV and cumulative second wave mortality
was regressed against egg mass density, first instar density
(egg mass density x fecundity), mortality from egg mass con¬
tamination (EM virus), and relative estimates of inoculum
produced during first wave mortality (EM virus x egg mass
density and EM virus x first instar density)

in 14 plots.

Both density and contamination were important determinants
of subsequent mortality.
The effect of Bacillus thuringiensis applications on
the prevalence of NPV was studied at three locations. Preva¬
lence was lower in treated plots and egg masses were less
contaminated at the end of the year. Lower prevalence of NPV
usually resulted in higher egg mass densities during subse¬
quent years.
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INTRODUCTION

The population dynamics of the gypsy moth, Lymantria
dispar, have been characterized by stable periods of low
densities

(innocuous phase) and very high densities (out¬

break phase) with relatively brief transitions
decline)

(release and

(Turner 1963, Campbell 1975, Campbell 1981). Den¬

sities in the innocuous phase can remain low indefinitely
and are thought to be kept low mainly by avian and mammal
predators

(Campbell & Sloan 1976, 1978, Campbell 1981).

Rapid increases in density lead to the outbreak phase
in which peak densities typically last for 2 or 3 years
(Campbell & Sloan 1978). The nuclear polyhedrosis virus
(NPV) of the gypsy moth, is the most important factor reg¬
ulating high density gypsy moth populations and epizootics
are often responsible for dramatic reductions in host den¬
sity that characterize the declining phase (Glaser 1915,
Steinhaus 1949, Campbell 1963, Doane 1970, Campbell &
Podgwaite 1971, Campbell 1976).
There has been some controversy over the factors re¬
sponsible for the development of NPV epizootics in the gypsy
moth and other insects. Sudden outbreaks of disease have
lead to the speculation that latent infections were being
activated by the occurrence of appropriate conditions or
"stress" factors

(Bergold 1953, Krieg 1957, Wallis 1957,

Steinhaus 1958a,b; Aruga 1963, Smith 1967). Although latency
is an appealing explanation to account for both the sudden
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occurrence of "crashes" in high density gypsy moth popula¬
tions and the persistence of NPV across generations of ex¬
tremely low densities, there has been no direct evidence to
document this phenomenon in gypsy moth (Doane 1976a,b;
Podgwaite et al.

1981).

Efforts to activate latent infections have been incon¬
clusive. Gypsy moth larvae fed with the NPV of Aglais urticae experienced both higher rates of mortality and an ear¬
lier onset of mortality from gypsy moth NPV than untreated
controls

(Longworth & Cunningham 1968). Although the foreign

NPV might have been activating latent virus, these results
are also consistent with the activity of a synergistic fac¬
tor from the foreign virus (Hara et al. 1976, Tanada 1985)
that reduces susceptibility to the background contamination
observed among controls.
Similar problems exist in interpreting the results of
efforts to activate latent infections with stressors. Wallis
(1957)

and Yadava (1971)

reported higher mortality from NPV

among larvae exposed a variety of chemicals than among unex¬
posed controls and attributed this to activation of latent
infections. However, orally administered chemicals have also
been shown to increase gypsy moth susceptibility to NPV
(Yadava 1971, Shapiro & Bell 1982, Keating & Yendol 1987)
and differential infection from background contamination
might alternately explain these results. Evidence that rela¬
tive humidity might act as a stressor (Wallis 1957) has more
recently been contradicted (Yadava 1970).
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Detailed field studies suggest that epizootics of the
gypsy moth NPV may develop through density-dependent trans¬
mission; the proportion of larvae that become infected with
NPV in a given period of time (i.e., the incidence of NPV)
increases as the host density increases
Podgwaite et al.

(Doane 1976a,b;

1981). Doane (1970, 1971, 1976a,b) observed

that emerging larvae become infected at the time of egg
hatch and die as early instars. The cadavers may serve as
inoculum for uninfected second and third instar larvae that
subsequently die in a second "wave" of mortality late in the
season. A first "wave" of mortality from NPV has been
observed early enough in the season to provide the inoculum
for the second "wave" of mortality that occurs among late
instars

(Wallis 1957, Doane 1970, 1971, 1976a,b; Higashiura

& Kamijo 1978) although no causality has been demonstrated.
The highest rates of mortality are typically observed among
late instar larvae (Glaser 1915, Campbell 1967).
Other factors may also play a role in determining the
levels of transmission in a given population. Doane (1970)
found that early instar larvae tended to congregate at the
tops of young oak trees. Transmission rates were enhanced by
the behavior of the early instars which increased the proba¬
bility that a larva would contact and ingest an infected
cadaver. Keating & Yendol (1987) and Keating et al.

(1988)

have shown that susceptibility to NPV will depend on the
foliage upon which the larvae have been feeding. Larvae
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forced to feed on hosts other than oaks appear to be more
susceptible to the NPV.
Contamination of females and/or the environment con¬
tributes to the contamination of egg masses and provides
inoculum to the next generation. The density of cadavers
during both the first and second waves of mortality deter¬
mines the rate of transmission to healthy insects

(Steinhaus

1958a, Doane 1969, 1970, 1976a,b; Tanada 1971) which in¬
creases in high density gypsy moth populations until an epi¬
zootic brings about a population "crash".
Two routes of transgenerational transmission have been
identified as sources of infection for neonates at the be¬
ginning of the season. Infection of neonates from a contami¬
nated egg mass appears to be the major route of transmission
between generations (Doane 1976a,b; Podgwaite et al.

1981;

J. S. Elkinton, unpublished data). Bergold (1942, 1943),
Leonard & Doane (1966) and Doane (1969) have all reported
substantial amounts of NPV mortality associated with larvae
reared from field-collected egg masses and virtually all of
this mortality can be eliminated by surface disinfection of
eggs prior to hatch. Efforts to observe NPV with the elec¬
tron microscope have revealed few polyhedral inclusion bod¬
ies

(PIBs) on the surfaces of eggs (Podgwaite et al.

1981);

however, Doane (1975) indicated that larvae ingest egg
chorion and egg mass hairs in the process of emerging from
the egg mass and found both to be effective in causing in¬
fection.
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The source of NPV contamination on egg masses has only
recently been investigated. Shapiro & Robertson (1987) ex¬
posed larvae to varying concentrations of NPV and observed
that the progeny of surviving larvae suffered between 4.7
and 11.5% mortality due to NPV (depending on the dose given
to the parental larvae) suggesting a maternal source for
transgenerational transmission. Alternatively, Murray &
Elkinton (1989) presented evidence that the site on which
the egg mass was oviposited may also be a major source of
NPV contamination.
Contaminated surfaces are also important in transmit¬
ting NPV directly to newly emerged neonates. In laboratory
experiments, Doane (1975) and Weseloh & Andreadis

(1986) es¬

tablished that newly emerged larvae became infected after
leaving the egg mass by traversing contaminated surfaces
such as debris mats collected from the field. The importance
of this route of infection and the precise mechanism has yet
to be ascertained. Thus, as gypsy moth densities increase,
the rate of transmission of NPV (both within and between
generations) appears to increase predominantly through
contamination of the environment until an epizootic occurs.
Following an epizootic of the gypsy moth NPV, densitydependent transmission is likely to play a secondary role to
the continued transmission occurring from a highly contami¬
nated environment (Tanada 1964, Doane 1976a,b). Podgwaite et
al.

(1979) and Podgwaite (1981a)

found concentrations of NPV

associated with leaf litter, soil, and bark to be substan-
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tial for at least a year following an epizootic (although
bark contamination may decrease over the winter months to
less than 1% of the levels immediately after an epizootic).
Weseloh & Andreadis

(1986) further demonstrated that soil

samples and mats of pupal cast skins collected more than a
year after a population crash still contained high con¬
centrations of NPV whereas litter and bark samples were
considerably less contaminated. The incidence of NPV
infection from these sources may be substantial in the years
immediately following an epizootic; however, extending this
argument across many years of extremely low host densities
becomes somewhat more problematic.
Although there have been no long term studies of the
persistence of gypsy moth NPV, several studies have indi¬
cated that the baculoviruses of other insects remain viable
in forest soils for many years. Olofsson (1988) concluded
that NPV of the european pine sawfly (Neodiprion sertifer)
remained active in soil for at least 13 years after an out¬
break whereas foliage contamination did not survive past the
next host generation. Studies with the NPV of the Douglasfir tussock moth (Orgyia pseudotsugata) have documented de¬
tectable levels of virus in soil samples collected up to 41
years after an epizootic (Thompson & Scott 1979, Thompson et
al.

1981).
Some egg masses of the gypsy moth are oviposited in

proximity to the litter which might provide a route of in¬
fection for many years after an epizootic. Unfortunately,
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evidence for transmission from soil or litter back into the
gypsy moth population is conspicuously lacking. Indeed,
Weseloh & Andreadis

(1986) indicated that neither litter nor

soil provided neonates with a substantial source of inoculum
in the years following an epizootic. Very low infection
rates may be adequate to reintroduce NPV into the population
as host densities increase many years after an epizootic.
Accumulated evidence also suggests that biological
agents may play a role in reintroducing NPV from other loca¬
tions. Raimo et al.

(1977)

found that a braconid parasite

contaminated with NPV is capable of transmitting NPV to un¬
infected larvae and Wollam & Yendol (1973) noted a higher
prevalence of NPV in plots where contaminated parasites had
been released. Other researchers have shown that bird, mam¬
mal and insect predators of the gypsy moth will all pass in¬
fectious NPV in feces after feeding on infected larvae
(Capinera & Barbosa 1975, Lautenschlager & Podgwaite 1977,
1979, Lautenschlager et al. 1980). These agents may indeed
be capable of reintroducing NPV to new outbreaks of the
gypsy moth from collapsing populations because they are ca¬
pable of movement across considerable distances.
NPV is a major mortality component in high density
gypsy moth populations and future management strategies
will, by necessity, have to include an understanding of NPV
dynamics in order to adequately predict future densities of
the gypsy moth and to evaluate management strategies.
Bergold (1943) suggested that mortality among larvae reared
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from egg masses might be useful for predicting epizootics of
the nun moth, L. monacha. Bird (1955, 1961) found that epi¬
zootics resulted from contamination of less than 10% of the
egg clusters in three species of sawflies and preliminary
work by Dahlsten & Thomas (1969) suggested a potential for
predicting epizootics by rearing larvae hatched from
Douglas-fir tussock moth eggs. For the gypsy moth, Doane
(1971, 1976a,b)

found that high mortality (greater than 20%)

among larvae reared from field-collected egg masses resulted
in an epizootic whereas no epizootic occurred in populations
with less than approximately 5% mortality. Predicting epizo¬
otics in populations with intermediate levels of NPV in the
egg masses was more difficult.
Pesticide applications for gypsy moth control provide
foliage protection by reducing larval densities before sub¬
stantial defoliation has occurred. Reducing larval densities
prior to the first "wave" of mortality is likely to reduce
transmission rates of NPV from infected to healthy larvae
and adversely affect the development of an epizootic. In¬
deed, Doane (1968) observed higher egg mass densities fol¬
lowing treatment with a phosphate insecticide and suggested
that the residual larval population experienced a reduction
in other density-dependent mortality factors. Similarly,
Kaya et al.

(1974) and Andreadis et al.

(1982) presumed that

higher rates of mortality from NPV in untreated plots caused
reductions in egg mass density comparable to those observed
in plots sprayed with Bacillus thuringiensis. Andreadis et
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al.

(1983) obtained good foliage protection (< 5% defolia¬

tion) with B. thuringiensis but reported a reduced preva¬
lence of NPV in treated plots and a significant positive
correlation between the prevalence of NPV and the density of
the residual larval population.
The studies that are reported in this dissertation rep¬
resent an attempt:

1) to understand the underlying processes

involved in the development of NPV epizootics in gypsy moth
populations, 2) to apply the knowledge of NPV dynamics to¬
ward predicting NPV epizootics and 3) to evaluate how inter¬
vention strategies which reduce gypsy moth densities might
affect the development of epizootics.
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CHAPTER 1
BIMODAL PATTERNS OF MORTALITY FROM NUCLEAR
POLYHEDROSIS VIRUS IN GYPSY MOTH POPULATIONS
%

Introduction
Nuclear polyhedrosis viruses (NPV) play an important
role in the population dynamics of many herbivorous insects
and have been responsible for dramatic reductions in pest
populations (Glaser 1915, Steinhaus 1949, Campbell 1963,
Doane 1970, Stairs 1972, Leonard 1974). There has been some
controversy over the factors responsible for the development
of these epizootics. Sudden outbreaks of disease have been
interpreted as the expression of latent disease brought on
by the occurrence of appropriate conditions or "stress" fac¬
tors

(Bergold 1953, Krieg 1957, Wallis 1957, Steinhaus

1958a,b; Aruga 1963).
Detailed field studies, however, often gave little sup¬
port to this hypothesis

(Doane 1976a) and instead supported

the notion that NPV was often spread from generation to gen¬
eration and within a generation by density dependent inter¬
actions. Low levels of virus mortality among early instar
larvae were thought to serve as inoculum for healthy larvae
which, under high density conditions, resulted in high rates
of late instar mortality (Steinhaus 1958a, Doane 1969, 1970,
1976a,b; Tanada 1971). Bird (1961)

reported that mortality

rates of 10% among young sawflies resulted in epizootics and
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Doane

(1969,

1970)

observed a similar phenomenon in gypsy

moth,

Lymantria dispar,

populations.

The following studies were undertaken to verify some of
the results of Doane

(1969,

1970),

to detail the temporal

patterns of NPV expression throughout the larval stages
both high and low density gypsy moth populations,
luminate the underlying processes

in

and to il¬

in the development of an

NPV epizootic in gypsy moth populations.
Methods and Materials
Study plots were established
tional Guard Base
1985.

Stands

in Cataumet,

Ma.

in 1983,

1984,

are composed predominantly of black oak

cus velutina),
rigida).

(ANGB)

in and around Otis Air Na¬

white oak

(Q.

alba),

and pitch pine

(Quer-

(Pinus

The understory consists primarily of bear oak

ilicifolia),

sheep laurel

(Vaccinium spp.)

(Kalmia angustifolia),

and huckleberry

Study plots were 4 to 9 ha.

(V.

and

(Q.

blueberry

stamineum).

Collections began when lar¬

vae were in the second instar and continued until pupation.
In plots

3,

5,

and 8

in 1983,

120 larvae were collected

weekly from both overstory oaks

and

in the understory from

three different locations within each plot.
six plots,

In the remaining

a minimum of 450 larvae were similarly stratified

among nine subplots.

Larvae were placed

ml plastic cups with diet

(Bell et al.

outdoor screen house that approximated

individually into
1981),

30

returned to an

field temperatures,

and monitored daily for the occurrence of mortality.

Virus-

caused mortality was verified by microscopic examination of

cadavers for the presence of polyhedral inclusion bodies
(PIB)

(Glaser 1915). The proportion of individuals from my

samples that died within 7 d of collection represents a
weekly estimate of virus mortality under conditions as simi¬
lar as possible to field conditions and within a time frame
that precluded effects due to contamination after collec¬
tion. High temperatures and very high doses of NPV are re¬
quired for mortality to occur within 7 d of infection
1967, Magnoler 1974).

Statistical comparisons of changes in

mortality used the test of independence
P < 0.05)

(Doane

across adjacent weeks

(G statistic,

(Sokal & Rohlf 1981). Where

trends persisted across more than two sample dates,

the test

was applied across all combinations of weeks involved in
that trend.
One plot was studied more intensively in 1984. Two
black oaks,

two white oaks and two pitch pines were selected

in each of the nine subplots. Each week,

seven larvae were

collected from each of the trees and 10 were collected from
the understory of each subplot. Thus,

approximately 450-500

larvae were collected from the entire plot each week and
then returned to the insectary for subsequent rearing and
analysis as above.

In addition,

approximately 5-10 leaves

(depending on the extent of defoliation) were also collected
from each tree on each collection date,

frozen,

and subse¬

quently bioassayed for NPV contamination as described below.
Weather data were obtained from a CR-21 weather station
(Campbell Scientific, Logan, Utah) placed within 3 km of all

12

plots. Measurements included hourly average air temperature
in 1983,

and temperature,

rainfall and solar radiation for

1984 and 1985.
%

%

An egg contamination procedure was used to bioassay the
black oak foliage samples. From each sample,

1.5 g of foli¬

age was blended in 35 ml of a solution of 50 ppm Triton X100 in distilled water

(Podgwaite et al.

1979). The solids

were strained out with cheese cloth and 2% RA 1990 Gelva
Multipolymer Emulsion
to the solution.

(Monsanto, St.

Louis, MO.) was added

Eggs from a laboratory colony were steril¬

ized in a 10% Formalin solution for 1 h,
dried under a clean air filter,
1981).

rinsed for 1 h,

and dehaired

(Bell et al.

Eggs were then soaked in the assay solution for 15

min before being placed on a paper towel to absorb excess
liquid.

Twenty five eggs were placed in each of ten 180 ml

diet cups

(Sweetheart Plastics, Wilmington, MA)

for 14 d at 29°C,

50% RH and a 12:12

(L:D)

and reared

photoperiod. Cups

were checked at 7 and 14 d after infestation and the total
number that had died from NPV at the end of 14 d was tabu¬
lated.

Controls consisted of eggs soaked in distilled water,

Triton X-100,

and RA 1990 as well as samples processed as

above with leaf samples that had been sterilized in a 0.5%
solution of sodium hypochlorite for 15 min and rinsed in
distilled water.

Dose response curves were also established

by using sterilized foliage and adding gypsy moth NPV to the
solution prior to adding the eggs so that final concentra¬
tions ranged from 103 to 106 PIB/ml. The artificial diet and

13

laboratory stock of sterile eggs were prepared at APHIS
Methods Development Center, Otis ANGB, Massachusetts.
Laboratory studies were set up to elucidate the pattern
of mortality that had been observed in larvae collected
weekly from the field. In one trial, larvae reared from
field-collected egg masses from a high density population
(827 + 128 [SE] egg masses per ha) were allowed to hatch in
the 30 ml plastic cups in which they were collected. Approx¬
imately 900 newly emerged first instar larvae from 12 egg
masses

(sampled in proportion to the number hatching from

each egg mass) were transferred to diet cups with paint
brushes sterilized in a 1% sodium hypochlorite solution.
Half were reared in the 180 ml diet cups (10 larvae per cup)
as described above, while an equal number were reared indi¬
vidually in 30 ml diet cups. Both groups were reared at 29°C
in an environmental chamber and monitored daily for mortal¬
ity .
The procedure of isolating half of the larvae in 30 ml
diet cups was repeated with laboratory stock eggs. Steril¬
ized, dehaired eggs were soaked in a PIB suspension (5 x 105
PIB/ml NPV, 50 ppm Triton X-100, and 2% RA 1990) for 15 min.
The eggs were placed in groups of 25 in 180 ml cups contain¬
ing diet and allowed to hatch. Half of the larvae were
transferred to 30 ml diet cups to be reared individually,
while the rest were transferred to clean 180 ml diet cups in
groups of 10. Four hundred sixty larvae for each treatment
were transferred 4 d after the eggs had been placed on diet
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and another 140 larvae for each treatment were transferred
at 6 d.

The first observation of NPV-caused mortality occur¬

red at day 7.
Results
In all nine study sites, the onset of late larval virus
mortality occurred at the end of June
of the densities of the populations

1),

regardless

(and consequently the

rate of defoliation and other "stress"
tently,

(Fig.

factors). Consis¬

a first wave of virus mortality among second and

third instar larvae occurred in the first few weeks of June.
In all plots,

the period of reduced mortality between waves

occurred while the majority of larvae were fourth instars.
Further,

in all cases,

the highest rates of mortality oc¬

curred during the second wave.
A more detailed analysis of the data from plot 10 fur¬
ther substantiates the bimodal nature of virus mortality and
the probable role of early instar mortality as inoculum for
healthy larvae.

Figure 2 relates the bimodal wave,

as esti¬

mated by virus mortality occurring within 7 d of collection
from consecutive samples

(line graph), with mortality pat¬

terns observed in the diet cups over several subsequent
weeks within the same sample. The sample collected at the
beginning of the first wave reflects the entire first wave
but there is no evidence of the second wave. The sample col¬
lected 1 week later
begun)

(after the first wave of mortality had

shows the end of the first wave and the beginning of

he second. Finally,

the sample collected at the end of the
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Fig. 1. The temporal pattern of NPV mortality through
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expressed in egg masses per hectare (EM/Ha). Weeks that
share the same letter were not statistically different from
each other

(P

>
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Fig. 2. The seasonal pattern of NPV mortality estimated
from 7-day mortality rates of samples collected on consecu¬
tive weeks (line graph) compared with the weekly patterns
observed in one sample collected from the first, second and
third weeks (bar graphs).
17

first wave shows only the increasing pattern of mortality of
the second wave.

These graphs illustrate that the pattern of

NPV mortality is determined several weeks before mortality
actually occurs.

Further,

during the second wave

the infection of larvae that die

(although occurring weeks before the

onset of the second wave mortality)

is initiated only after

the mortality of the first wave begins to occur in the
field.
Consecutive mortality estimates from the same sample in
Fig.

2 are consistently lower than those obtained from each

of the 7-day estimates during the second wave.

Since collec¬

tion and isolation preclude further transmission,

the dis¬

crepancy between estimates may well represent transmission
occurring during the time between sampling dates.
Rates of mortality of field-collected larvae from plot
10 are compared with the rates of mortality from foliage
bioassay in Fig.

3.

Bimodal patterns are apparent in both

measures and are well synchronized.

It should be noted that

since larvae and foliage are collected at the same time,

av¬

erage mortality in larval collections over 7 d estimates
mortality between collection dates while foliage NPV levels
estimate the virus contamination at the time of collection.
The low levels of NPV on foliage from the last collection
date may be explained by larval death occurring at the rest¬
ing locations on the boles of trees

(late instar behavior)

and low larval densities since many larvae had pupated by
this date.
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Fig. 3. Comparisons of the rates of mortality among
field-collected larvae with the NPV mortality obtained in
foliage bioassay.
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Weather measurements from 1983,

1984 and 1985 are com¬

pared with virus expression from one of the plots each year
in Fig.

4. Average weekly temperature in all years can be

seen to account for little of the variation in virus mor¬
tality.

Similarly,

the number of rainy days during the week

and the cumulative solar radiation correlated poorly with
virus mortality.
The temporal pattern of virus mortality in larvae
reared from contaminated eggs can be seen in Fig.
larvae reared from wild egg masses in groups of 10

5.

The

(Fig.

5c)

showed the same bimodal wave as their counterparts in the
field. When larvae were reared individually,
5a)

however,

(Fig.

the first wave occurred within 14 d but the second wave

was never observed.

Similar patterns occurred among labora¬

tory stock larvae whose eggs were soaked in a virus solution
(Fig.

5b,d).

There is no sign of second wave mortality even

among larvae that had been reared collectively through day 6
(1 to 2 d prior to first wave mortality)
rated.

before being sepa¬

It is important to note that larvae reared from con¬

taminated laboratory stock eggs were in the late third and
early fourth instar at 14 d
waves).

(between the first and second

This corresponds with field-collected larvae which

were predominantly fourth instar larvae at the onset of the
second wave.
Discussion
The results of this study strongly support the hypothe¬
sis that NPV mortality of early instars,
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Fig. 4. Plots of weather data from 1983, 1984 and 1985
vs the weekly rates of NPV mortality in field-collected
larvae. Temperature data are provided for all years, while
1984 and 1985 data also include days of rain per week, and
radiation (kilojoules/cm2/week).
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time of egg hatch,

serves as inoculum for healthy larvae,

which could lead to an epizootic later in the season under
high host density conditions
also consistent with Glaser

(Doane 1969,
(1915)

1970). Results are

and Campbell

(1967) who

reported that NPV mortality was much higher among late
instars.

Since the occurrence of mortality and levels of NPV

on foliage seem to be so closely correlated through time,
these results are also consistent with observations that
infectious NPV is short lived on foliage surfaces
1971,

Podgwaite et al.

(Tanada

1979). This correlation, with the

observation that larvae reared in groups of 10 for 6 d did
not transmit virus,

also suggests that infectious virus is

not released from an infected larva until mortality occurs.
Stress factors have been implicated in the dynamics of
host virus interactions. Wallis

(1957)

suggested that epi¬

zootics of the gypsy moth resulted from latent virus acti¬
vated by environmental factors,
ity.

Yadava

(1970)

particularly relative humid¬

provided contradictory evidence and con¬

cluded that relative humidity was of little influence on the
development of epizootics. My results show little apparent
correlation between NPV mortality and weather conditions.
Indeed,

the field data that Wallis correlated with relative

humidity was also consistent with the bimodal patterns ob¬
served in my studies.
Foliage quality and crowding have also been mentioned
as potential stress factors

(Vago 1955,

Smith 1967,

Schultz

& Baldwin 1982). Although my study did not directly address
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the impact of these factors, the bimodal pattern and there¬
fore the underlying transmission process occurred in both
high and low density gypsy moth populations.

It appears that

the development of an epizootic works within the framework
of density-dependent transmission,

and that stress factors

will probably play a secondary role.

Similarly,

it seems un¬

likely that latent virus plays an important role in explain¬
ing the amount of mortality observed among late instars.
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CHAPTER 2
ACQUISITION OF NUCLEAR POLYHEDROSIS VIRUS FROM
TREE STEMS BY NEWLY EMERGED GYPSY MOTH LARVAE

Introduction
Epizootics of the nuclear polyhedrosis virus

(NPV)

in

gypsy moth, Lymantria dispar, populations develop through
density-dependent transmission
Chapter 1).

(Doane 1970,

1976a,b;

see

Transovum transmission is probably the most im¬

portant source of generation-to-generation transmission in
high density gypsy moth populations

(Doane 1969,

1975). Lar¬

vae can become infected in the process of emerging from the
egg mass by consuming egg chorion and hairs contaminated
with NPV

(Doane 1975).

Doane

(1976a,b) has suggested that larvae may also be¬

come infected with NPV for some time after an epizootic
(even though larval densities have decreased to very low
levels),

because the survivors acquire virus from a heavily

contaminated environment.
waite

(1981a)

leaf litter,

Podgwaite et al.

(1979)

and Podg-

found concentrations of NPV associated with
soil,

and bark to be substantial for at least a

year following an epizootic

(although bark contamination may

decrease over the winter months to less than 1% of the lev¬
els immediately after an epizootic). Weseloh & Andreadis
(1986)

further demonstrated that soil samples and mats of

pupal cast skins collected more than a year after a popula¬
tion crash still contained high concentrations of NPV while
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litter and bark samples were considerably less contaminated.
A substantial proportion of newly emerged larvae that were
exposed to pupal mats in the laboratory became infected with
NPV

(Doane 1975, Weseloh & Andreadis 1986)

but larvae ex¬

posed to highly contaminated soil samples failed to show
high rates of infection

(Weseloh & Andreadis 1986). While

concluding that NPV in pupal exuviae was most likely to
result in horizontal transmission to neonates, Weseloh &
Andreadis

(1986)

also suggested that bark surfaces,

litter may still be important,

soil and

because these substrates

often represent a larger proportion of the environment.
The following experiments were undertaken to verify
that larvae acquire NPV from contaminated surfaces under
field conditions and to determine whether the substantial
exposure of neonates to bark surfaces in the field might
contribute significantly to NPV acquisition.
Methods and Materials
Neonates from a laboratory culture of the gypsy moth
(New Jersey strain, USDA Animal and Plant Health Inspection
Service, Methods Development Laboratory, Otis Army National
Guard Base [ANGB], Mass.) were released onto trees during
three separate occasions.
a 1 ha

(approximate)

Experiments were conducted within

study site in the spring of 1985 and at

a different site in the fall of 1985 and spring of 1986. The
timing of the spring experiments coincided with emergence of
neonates in natural populations.

Four to five arbitrarily

selected black oaks, Quercus velutina, were used for each
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treatment in the first site,

and 8-11 trees per treatment

were used in each of the experiments at the second site.
Both sites were adjacent to the Otis ANGB and gypsy moth
infestations with NPV epizootics had been observed in both
during the previous summer.
All branches were removed to a height of 4 m and all
gypsy moth debris mats were removed. The concentration of
viable NPV on the bark surfaces was reduced in one treatment
by spraying the bark with a 1% sodium hypochlorite solution
approximately 1.5 h before release. A second group was left
untreated.

In the 1985 experiments, NPV concentrations for a

third group were augmented by applying about 3.5 x 105 polyhedral inclusion bodies
al.

(1979)

(PIB)

per cm

of bark.

Podgwaite et

estimated natural concentrations ranging from

roughly 1 x 103 PIB/cm2 in May to more than 2 x 106 PIB/cm2
in late summer for bark samples from plots with high gypsy
moth densities. A hand-held plastic spray bottle was used to
apply NPV in the form of virus-killed cadavers that had been
freeze-dried, homogenized and suspended in distilled water
(USDA Agricultural Research Laboratories,

Otis ANGB, MA and

USDA Forest Service, Hamden, CT). The NPV-augmented treat¬
ment was omitted in the 1986 experiment.
A strip of duct tape was folded longitudinally and
wrapped around the tree at the top of the cleaned stem so
that the sticky surface faced out and formed a barrier to
ascending larvae. Waxed-paper drinking cups

(210 ml) were

taped to the stem of the tree at 1 m above the ground and
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n

bent slightly so that contact between the rim of the cup and
the stem of the tree was sufficient for the larvae in the
cup to crawl onto the bark.
Gypsy moth eggs were surface disinfected in a 10% for¬
malin solution for 1 h,
air filter,

rinsed for 1 h, dried under a clean

and dehaired

(Bell et al.

1981). The eggs were

placed in a 180 ml paper cup with a plastic lid and allowed
to hatch at room temperature for 2 d.

Larvae were released

after the sprayed trees had dried and when the wind was very
light so that larvae would not blow away as soon as they
were released. Approximately 150 newly emerged larvae were
placed into the waxed cups at the base of the trees with
fine artist's paint brushes disinfected in a 1% sodium hypo¬
chlorite solution.

Larvae were allowed to ascend the tree

and were collected individually with the disinfected brushes
in 30 ml cups containing 15 ml artificial diet
1981)

as they approached the barrier tape.

(Bell et al.

The period of

time that larvae were exposed to the bark generally varied
between 15 and 90 min.

Controls for each tree consisted of

larvae collected from the waxed cup before they contacted
the stem.

The number of exposed larvae included in the

experiments averaged 14.1,
May 1985, October 1985,

19.2,

and 27.6 from each tree for

and May 1986,

posed controls averaged 28.1,

19.0,

respectively.

Unex¬

and 28.1 larvae per

tree.
Larvae in diet cups were returned to the laboratory and
reared in an environmental chamber at 29°C,
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50% RH,

and a

12:12
d,

(L:D)

photoperiod.

Larvae were checked after 7

and 14

and NPV-caused mortality was assessed by microscopic

examination for the presence of PIB

(Glaser 1915).

The statistical analysis was performed separately for
each of the trial dates using logistic regression from the
Biomedical Software program LR
stant of 0.5 was

(Dixon et al.

1983).

added to both the number that died

A con¬
from NPV

and the number that survived so that observations of 0% and
100% mortality could be included
coding of dummy variables

in the analysis.

Manual

in the design matrix was necessary

to include the random effect of tree differences that was
nested within each treatment category.

A log likelihood ra¬

tio test was used to compare a baseline model that included
the nested tree effects with a model that also included
treatment effects

(Sokal & Rohlf 1981).

Treatment effects were coded two different ways
design matrix.

Initially,

in the

reference group coding was used to

compare each category of exposed larvae with the pooled con¬
trols.

In a second analysis,

dummy variables were coded to

contrast controls with larvae exposed to disinfected trees,
larvae exposed to disinfected trees with larvae exposed to
untreated trees

and larvae exposed to untreated trees with

larvae exposed to NPV sprayed trees
both analyses,

the X2 value reported

of the treatment dummy variables

(Neter et al.

In

for the removal of each

from the full model tested

the significance of the pairwise comparison.
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1985).

Results
The effect of exposure to contaminated tree stems
illustrated

in Fig.

6.

All probability values

is

for overall

treatment effects were less than 0.001 with X2 values of
73.0

(3 df),

October

270.4

1985,

(3 df),

and

and May 1986,

29.6

(2 df)

for May

respectively.

1985,

Single degree of

freedom contrasts between the unexposed controls

and each

category of exposed larvae are indicated

6.

in Fig.

All

contrasts that involved larvae exposed to natural or aug¬
mented levels of contamination were highly significant.
contrasts

between unexposed controls

The

and the larvae exposed

to disinfected trees were significant only

in the second

trial.
The apparent

increase in mortality with increasing lev¬

els of bark contamination

(Fig.

NPV-sprayed)

in the statistical analysis

was verified

6,

Disinfected

<

Natural
in¬

volving contrasts between categories of exposed larvae.
probability values
NPV-sprayed
7.66,

df =

October

and 0.001

1985,

(X2

=

respectively.

49.8,

df =

1)

for May

(X

=

1985

1985

(X2

significant
P

<

0.001

=

1.95,

df =

1,

P =

0.163)

in October 1985 and May

and X2

=

17.2,

and

Contrasts between larvae exposed

to disinfected and untreated trees were not significant
May

The

for contrasts between larvae exposed to

and untreated trees was less than 0.006
1)

<

df =

1,

P

but were highly

1986
<

in

(X2

0.001,

=

21.4,

df =

respectively).

The mortality observed among larvae exposed to un¬
treated bark surfaces varied considerably

(16.7,

17.8%,

fall

respectively,

for the spring 1985,

30

44.2
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and
and
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Fig. 6. Percent mortality from nuclear polyhedrosis
virus (NPV) among gypsy moth neonates exposed to contamin¬
ated tree bark. Exposed larvae were released from waxedpaper cups and climbed trees that had been disinfected with
sodium hypochlorite, left untreated or sprayed with an NPV
suspension. Unexposed control larvae were collected from the
waxed-paper cups before contacting the bark surface. Statis¬
tical results are given for single degree of freedom con¬
trasts between each category of exposed larvae and the
pooled controls.
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spring 1986 experiments)

but was caused primarily by higher

background contamination in October 1985. The constant term
( + SE)

that accounted for mortality among controls in the

model was significantly higher in October 1985 than the con¬
stant terms in the other models:
1985 versus -2.65
and May 1986,

( + 0.19)

-1.76

and -2.65

(+0.13)

( + 0.18)

respectively. The coefficients

for October

for May 1985
( + SE) which

accounted for the additional mortality experienced by larvae
exposed to untreated trees were equivalent in all three
models:
and 1.31

1.66

(+0.22)

(+0.25)

for October 1985 versus 1.50

for May 1985 and May 1986,

(+0.39)

respectively.

The background level of infection that was observed among
the controls was probably caused by contamination of diet
cups in the field.

Contamination in October 1985 was partic¬

ularly high because the plastic bags that contained the diet
cups were torn in the understory.
Discussion
My results indicate that larvae become infected from
bark surfaces in the field and the extensive exposure to
bark surfaces may result in substantial rates of transmis¬
sion.

Several factors may be important in comparing the re¬

sults of my study with those of Weseloh & Andreadis

(1986).

Bark samples in their study were collected in November,
approximately 15 mo after a population crash, whereas my
fall and spring experiments were conducted about 3 and 10
mo,

respectively,

after an epizootic.

NPV in pupal exuviae

It seems likely that

(as used in the Weseloh & Andreadis
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study) may be more protected than NPV on bark and therefore
of relatively greater importance as time passes.
dition,

In ad¬

although pupal exuviae were removed from the stems

of trees in my study,

the extent that pupal mats may have

increased surface contamination on the underlying bark was
not established.
Although the occurrence of infection from an environ¬
ment contaminated with NPV was demonstrated in the labora¬
tory

(Doane 1975, Weseloh & Andreadis 1986)

high rates of infection

and relatively

(14 to 34% higher than unexposed

controls) were observed in my study in the field,

the over¬

all importance of this phenomenon in nature remains diffi¬
cult to assess.

Keating & Yendol

(1987)

affects the level of mortality from NPV;

showed that diet
the larvae reared

on artificial diet following exposure to a contaminated
surface

(in my experiment and most of the previous studies)

may suffer higher rates of mortality than larvae reared on
foliage. Weseloh & Andreadis

(1986)

reported 23.3% mortality

among larvae placed on artificial diet following exposure to
pupal exuviae compared with 13.3% among larvae placed on oak
leaves in what appeared to be a comparable assay.
sults were reported separately,

These re¬

and the difference was not

tested statistically. While the effect of diet may contrib¬
ute to an inflated estimate of the infection rate which
occurs in natural populations,

larvae in the field will be

exposed to bark surfaces for considerably longer periods of
time than larvae in my experiments.
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The importance of infection from a contaminated envi¬
ronment at any given time also may depend on the alternative
routes of transmission.

Several authors have suggested that

environmental transmission may be particularly important in
the years following a population crash when density depen¬
dent transmission is relatively low and the environment is
highly contaminated
1986).

(Doane 1976a,b; Weseloh & Andreadis

Environmental contamination may also be an important

route of transmission when gypsy moth populations are begin¬
ning to build
(1981)

(Podgwaite et al.

1981). Thompson et al.

reported detectable levels of the Douglas-fir tussock

moth NPV in soil samples taken 41 yr after an epizootic.

It

seems possible that even very low rates of infection from a
contaminated environment may provide the inoculum necessary
to initiate density-dependent transmission when population
densities begin to increase.
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CHAPTER 3
FACTORS AFFECTING THE DISTRIBUTION OF NUCLEAR POLYHEDROSIS
VIRUS AMONG GYPSY MOTH EGG MASSES AND LARVAE
%

•

Introduction
Epizootics of the gypsy moth, Lymantria dispar, nuclear
polyhedrosis virus (NPV) develop primarily through densitydependent transmission. Neonates become infected at the time
of hatch and their cadavers provide the inoculum for healthy
larvae that die in a second "wave" of mortality as late in¬
stars (Doane 1970, 1971, 1976a,b; Higashiura & Kamijo 1978;
see Chapter 1). Higher densities of early instar cadavers
result in larger doses of NPV to healthy larvae and higher
subsequent mortality during the second wave (see Chapter 4).
Two routes of transgenerational transmission have been
identified as sources of infection for neonates at the be¬
ginning of the season. In both laboratory (Doane 1975, Weseloh & Andreadis 1986) and field studies

(see Chapter 2)

newly emerged larvae became infected after leaving the egg
mass by traversing contaminated surfaces such as debris mats
and bark. The importance of this route of infection and the
precise mechanism has yet to be ascertained.
Infection of neonates from a contaminated egg mass ap¬
pears to be the major route of transmission between genera¬
tions

(Doane 1976a,b; Podgwaite et al.

1981; J. S. Elkinton,

unpublished data). Bergold (1942, 1943), Leonard & Doane
(1966) and Doane (1969) have reported substantial mortality
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from NPV among larvae reared

from field-collected egg masses

and virtually all of this mortality can be eliminated by
surface disinfection of egg masses prior to hatch.

Efforts

to observe NPV with the electron microscope have revealed
few polyhedral
eggs

inclusion bodies

(Podgwaite et al.

1981);

(PIB)

however,

on the surfaces of
Doane

(1975)

indi¬

cated that larvae ingest egg chorion and egg mass hairs
the process of emerging from the egg mass

and

in

found both to

be effective in causing infection.
The source of NPV contamination on egg masses has only
recently been investigated.

Shapiro & Robertson

(1987)

ex¬

posed larvae to varying concentrations of NPV and observed
that the progeny of surviving larvae suffered between 4.7
and

11.5% mortality due to NPV

to the parental larvae)

suggesting a maternal source for

transgenerational transmission.
ton

(1989)

(depending on the dose given

Alternately,

Murray & Elkin-

presented evidence that the site on which the egg

mass was oviposited may also be a major source of NPV con¬
tamination.
Finally,

the role that latent infections

ian transmission

(within the egg)

ment of epizootics
remains unknown.

and

may play

and transovar-

in the develop¬

in transmission between generations

To date there is no substantial evidence to

indicate that either route of transmission occurs
moth.
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in gypsy

The following analyses examine a variety of factors
which might

influence the prevalence of NPV among neonates

and late instar larvae hatched
Materials

from egg masses.

and Methods

Studies sites consisted of 16 ha plots located
Connecticut and Brimfield,

Massachusetts

in Lyme,

in 1982 and

in the

vicinity of Otis Air National Guard Base on Cape Cod
and

1985.

Dominant trees were primarily oak

and hickory
(Quercus
(Pinus

(Carya spp.)

alba),

rigida)

in the 1982 sites

black oak

in 1983

(Quercus spp.)
and white oak

(Quercus velutina)

and pitch pine

on Cape Cod.

Egg mass sampling quadrats were uniformly distributed
around the central portion of each study plot at the rate of
10 per plot
Cod.

in Lyme and Brimfield,

In March and April

and

16 per plot on Cape

(prior to hatch),

all egg masses

within or above each of the 5 x 5 m quadrats were both
counted

and collected.

Trees were entirely

included

in the

quadrat if more than half of the base fell within the
quadrat,

and entirely excluded

fell outside the quadrat.

if more than half of the base

If the number of egg masses

given quadrat greatly exceeded

50,

in a

then a suitable number of

egg masses were skipped between each egg mass collected

in a

systematic search so that the final number of egg masses
collected

from that quadrat fell

All egg masses were scraped
cups and placed

in the range of 40

individually

in an outdoor screened
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into

to 60.

30 ml plastic

insectary.

Collections were also made in November 1984
ary
pee,

1985

and Febru¬

from a high density gypsy moth population in Mash-

Massachusetts on Cape Cod.

Egg masses on the boles of

white oak and black oak trees were arbitrarily collected
from a variety of heights
tive to the compass.
plastic cups

and

(0

to 2m)

and orientations

Egg masses were collected

returned to the insectary as

into

rela¬

30 ml

above.

Most of the egg masses hatched under ambient outdoor
temperatures
4°C for a

in the insectary while others were chilled at

few d until they could be processed.

d after hatch began,

Two to three

larvae were transferred to cups

larvae per

180 ml cup)

al.

Paint brushes that were used to transfer larvae

1981).

were sterilized

with 65 ml wheat germ diet

(10

(Bell et

in a 0.5% sodium hypochlorite solution be¬

tween the handling of each egg mass.

The total number of

larvae taken from each egg mass depended on the total number
of egg masses collected

from the plot and was

adjusted so

that approximately 1000 larvae were reared per plot.
larvae were reared

Fifteen

from each of the egg masses collected

Mashpee.

Larvae were reared

29°C and

55% RH with a 12:12(L:D)

in an environmental chamber at
photoperiod

for NPV-caused mortality after 2 wk.
reflect NPV acquired

in

and checked

Mortality estimates

from the egg mass because almost all

mortality due to transmission between larvae in the cup oc¬
curs

after 14 d under these conditions
Data from control plots

reported

(see Chapter 1).
in Chapter 5 were ex¬

amined to assess the relationships between the number of
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larvae per egg mass,
mass density.

egg mass contamination from NPV and egg

Contamination of field-collected egg masses

was evaluated by rearing neonates as described above and
both between plot and within plot relationships examined.
Larvae were collected
in 1984.

from two study sites on Cape Cod

Nine subplots were established throughout the cen¬

tral portion of each plot and two sampling trees
of three species
arbitrarily
subplots.

(pitch pine,

identified

black oak and white oak)

for larval collections

placed

in a

from each

30 ml plastic cup with diet,

turned to an outdoor insectary and

re¬

reared at ambient outdoor

temperatures until mortality or adult emergence.
tional eight larvae were collected each week

An addi¬

in each subplot

in a systematic search of understory foliage.
approximately 450

were

in each of the

Seven larvae were collected each week

sampling tree,

from each

In all,

larvae per week were collected

from each

plot during 6 wk of the larval season.
Larvae were examined daily in the outdoor
with both the time and cause of mortality
individual.

insectary,

recorded

Mortality due to NPV was confirmed by micro¬

scopic examination for the presence of polyhedral
bodies

for each

inclusion

(PIBs).

Comparisons were made of the mortality among neonates
hatched

from egg masses that were collected

substrates
trees)

(understory brush,

ground debris,

and different host species

quately represented).

Logits
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from different
rocks

and

(those that were ade¬

(Sokal and Rohlf 1981)

were

calculated

for each egg mass

and cases were weighted by the

inverse of the binomial variance

(Neter et al.

strate and host effects were each evaluated

1985).

(along with a

random plot effect)

in a two-way mixed-model ANOVA

Dixon et al.

Non-significant

0.10)

1983).

were removed

Sub¬

(BMDP3V,

interaction terms

(P

>

from the final analyses.

The source of significance

(P

<

0.05)

was

investigated

by comparing the maximum likelihood value from the overall
ANOVA with the values obtained

from an analysis

most similar categories had been combined.
tio Test

(Sokal & Rohlf,

1981)

A Likelihood Ra¬

was calculated

ference in the two likelihood values

in which the

from the dif¬

and was used to test

the significance of differences of the two categories that
had been combined.

Categories were combined until only sig¬

nificant differences

remained.

Logit values were also calculated
Mashpee and cases weighted as

above.

for egg masses

Egg masses

from

facing east-

south-east to west were considered to face south while those
facing west-north-west to east were considered to have a
northerly orientation.
(BMDP2V,

Dixon et al.

A two-way fixed-effects ANOVA
1983)

icance of collection date
orientation

was used to evaluate the signif¬

(November versus February)

(north versus south facing).

interaction effect

(P

model

above.

as described

contamination,

>

0.10)

was

removed

and

A non-significant
from the final

The relationships between egg mass

the number of larvae per egg mass
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and egg

mass density were evaluated with regression analysis
cedure REG;

SAS Institute Inc.

1987)

Larval data was tabulated
rates were calculated

survivors.

were assumed

on untransformed data.

in two ways.

Weekly mortality

from the number of larvae that died

within 7 d of collection.
counted as

(Pro¬

Larvae that died after 7 d were

Larvae that died

(on average)

from other causes

to have been at risk

for half of

the rearing interval and therefore half of the number that
died

from other causes were counted

value was calculated

for each week,

as survivors.

A logit

plot and host

(3

tree

species

and those collected on bear oak from the under¬

story) .

Cases were weighted by the inverse of the binomial

variance

(Neter et al.

were evaluated with a
tute inc,

1987).

1985)

and the overall differences

3-way ANOVA

Differences

(Procedure GLM,

SAS Insti¬

in the survivorship curves

for

pair-wise host comparisons were evaluated within each plot
with Mantel & Haenszel's Chi-Square test

(Lee 1980).

Larval data was also used to estimate the difference in
infection rates among larvae collected
species.

from different host

A relative estimate was obtained

for each wk by es¬

timating the proportion of larvae that were in the early
stages of infection.
tion

(i.e.,

Larvae that died within 14 d of collec¬

in the later stages of infection)

from the analysis

altogether.

were omitted

The proportion of the remain¬

ing larvae that eventually died

from NPV

(i.e.

the preva¬

lence of NPV among those that did not die within 14 d)
calculated

for each wk,

was

after including half of those that
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died

from other causes among the survivors as

previous

analyses.

in the

Overall differences were evaluated with a

3-way ANOVA and pair-wise comparisons performed as

above.

Results
The level of egg mass contamination varied with the
substrate from which the mass was collected
sites

(the overall ANOVA results

11.55,

d.f.

and X2

=

=

3,

30.87,

and Cape Cod,
were hatched

P = 0.009;
d.f.

=

3,

X2

3

study

for substrate were X

=

7.79,

P = 0.000;

respectively).

at all

=

2,

for Lyme,

Mortality

from the egg masses

d.f.

rates

P =

=
0.020;

Brimfield,

for larvae that

are presented

in Fig.

Combining the data from egg masses collected on brush,
and ground
(X2 =

d.f.

=

2,

the overall analysis

P = 0.951

for the difference between

and the analysis with categories com¬

while the difference in mortality between egg masses

collected on trees

(13.94%)

remained highly significant
0.001).

rocks

in Lyme did not significantly affect the model

0.10,

bined),

7.

Similarly,

collected

and all others combined
(X2

=

11.45,

d.f.

=

1,

(7.85%)
P =

the mortality associated with egg masses

from tree boles

(19.30%)

in Brimfield was

almost

twice as high as the 10.63% mortality associated with egg
masses collected
d.f.

=

1,

from brush and ground combined

P = 0.007).

9

Differences between egg masses

brush and ground were not significant
P =

(X

(X

=

0.54,

=7.25,
from

d.f.

=

1,

0.463).
Mortality among larvae reared

from egg masses collected

on Cape Cod suggest that the higher rates of mortality asso
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Fig. 7. Percentage mortality from NPV among larvae
reared from egg masses collected from different substrates
in Lyme, Connecticut (1982), Brimfield, Massachusetts (1982)
and Cape Cod, Massachusetts (1985). Bars within each site
that have the same letter over them were not statistically
different from each other. P values reported in parentheses
below each site label are reported from the overall ANOVA
and numbers in parentheses below each substrate label
represent the total number of egg masses sampled.
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dated with egg masses oviposited on trees
to those masses collected

is primarily due

from the boles of trees.

ference was observed between egg masses collected
brush and tree limbs

0.277),

while the difference in mortality between egg masses
from tree boles

(32.75%)

all other substrates combined
28.30,

d.f.

=

1,

P =

The differences
collected

2.57,

d.f.

=

from the

ground,

collected

(X2 =

No dif¬

(14.97%)

was

(X2

=

0.000) .
in mortality associated with egg masses

from different species were not as pronounced as

10.42,

(Fig.

8).

The overall

d.f.

=

3,

P = 0.015),

significant

with no difference ob-

served between black birch,

red oak and white oak

0.58,

however,

d.f.

from

substantial

analysis of variance of the data from Lyme was
=

and P =

and those collected

the differences between substrates

(X2

2,

=

2,

P = 0.747);

sociated with egg masses collected

the

(X

=

3.78% mortality as¬

from black oak was

sig¬

nificantly different from the 13.44% mortality of the other
species combined

(X2

=

9.83,

d.f.

=

1,

P = 0.002).

ferences were found between the mortality rates

No dif¬

associated

with egg masses collected

from the different species

in the

other 2

d.f.

=

d.f.

=

sites
3,

(X2

= 4.50,

P = 0.599;

=

3,

P =

0.212

and X2

for Brimfield and Cape Cod,

1.87,

respective¬

ly) .
Neither compass orientation nor time of collection had
an effect on egg mass contamination
15.8% of the larvae reared
north side of the trees,

(Table 1).

NPV killed

from egg masses collected on the

while 19.3% of those from the south
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Fig. 8. Percentage mortality from NPV among larvae
reared from egg masses collected from different species in
Lyme, Connecticut (1982), Brimfield, Massachusetts (1982)
and Cape Cod, Massachusetts (1985). Bars within each site
that have the same letter over them were not statistically
different from each other. P values reported in parentheses
below each site label are reported from the overall ANOVA
and numbers in parentheses below each species label repre¬
sent the total number of egg masses sampled.
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Table 1. Mean percentage of mortality among larvae
reared from egg masses collected from tree boles in November
1984 and February 1985 on Cape Cod, Massachusetts

%■

Orientation
North
(No. of egg masses)

Date Collected
November
February
15.2
16.4
(94)
(85)

South
(No. of egg masses)

20.9
(60)

17.6
(57)

Both Directions
(No. of egg masses)

17.3
(154)

16.9
(142)

ANOVA Results
Source
Sum of Squares
5031
Mean
4.35
Date
37.0
Direction
11579
Error

Mean Square
DF
1
5031
1
4.35
1
37.0
293
39.5
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Both Dates
15.8
(179)
19.3
(117)

F value
127.30
0.11
0.94

Prob.

0.000
0.740
0.334

side died

(F = 0.94,

17.3% mortality was
November and
in February

d.f.

=

P = 0.334).

Similarly,

associated with egg masses collected

16.9% observed
(F =

1,293,

0.11,

d.f.

in

for those egg masses collected
=

1,293,

P = 0.740).

Mortality from NPV among hatching larvae was not relat¬
ed to the number of larvae per egg mass within study sites.
Coefficients of determination

(r

probability values

and 0.220)

(P =

0.909

study sites on Cape Cod

(Figs.

= 0.000

9a and

Despite the results presented

and 0.016)

and

are provided

for 2

9b respectively).

in Fig.

9,

I

found some

evidence that mean mortality of hatching larvae might be
negatively related to the mean number of larvae per egg mass
across

12 different study sites on Cape Cod

3.383,

d.f.

=

1,10

and P = 0.096).

(r

=

0.253,

F =

Egg mass density of the

previous generation was not a determinant of either the mean
number of larvae per egg mass
1,6

and P =

vae

(r2

0.181)

= 0.108,

contrast,

(r

=

0.276,

F =

2.29,

F =

1.33,

d.f.

=

1,11

and P = 0.273).

egg mass contamination was positively

F =

22.74,

=

or the mean mortality among hatching lar¬

d.f.

=

1,10

and P =

0.0008)

In

related to

egg mass density of the previous year in Connecticut
0.695,

d.f.

(r

=

but the number

of larvae per egg mass was not available.
Mortality rates of field-collected larvae are presented
in Fig.

10.

served,

but the magnitude of the differences were not very

substantial.

Statistically significant differences were ob¬

The cumulative percentage mortality was highest

among larvae collected

from pitch pine,
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significantly lower

Larvae/Egg Mass
Fig. 9. The relationship between the number of larvae
per egg mass and percentage mortality among hatching larvae
at 2 study sites (A and B) on Cape Cod in 1985. Determina¬
tion coefficients and P values from a regression analysis
are presented.
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Cumulative Percentage Mortality
Fig. 10. Cumulative percentage mortality from NPV among
larvae collected from four different host species at two
study sites (A and B) on Cape Cod in 1984. Labels followed
by the same letter were not statistically different from
each other.
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on black oak
d.f.

=

X2

14.35,

=

1,

tively)
lected

(80.7% versus

P =

0.002

d.f.

=

and
1,

from pitch pine,

52.6% versus

P = 0.000;

74.9%

Figs.

from white oak and bear oak.

tality on black oak
black oak,

X2

=

d.f.

Fig.

10b

(64.7% versus

=

P =

0.087).

comparisons

P =

ences

10a

10b,

respec¬

among larvae col¬

=

52.6%

1,

(90.7% versus
P =

0.008)

The significance obtained

80.7%

from

and possibly in

from black oak,

X2

=

2.93,

d.f.

in the pair-wise

should be qualified by the lack of significance

0.322)

(X2

=

1.20,

d.f.

=

and the relatively small magnitude of differ¬

in cumulative mortality.
Infection rates were obtained

ples

9.95,

The cumulative mortality

in the host effect of the overall ANOVA
3,

=

from white oak was higher than mor¬

in Fig.

7.14,

X2

from pitch pine,

10a and

with intermediate mortality rates

among larvae collected

1,

91.4%

from the same larval sam¬

as the 7-day mortality rates and estimated by the mor¬

tality that occurred after 14 d

from collection

(i.e.,

among

larvae that were in the early stages of infection at the
time of collection).
ed

in Fig.

was

11

Cumulative infection rates

and the host from which larvae were collected

a significant factor in the overall ANOVA

d.f.

=

3,

are present¬

P = 0.011).

(F =

4.38,

The relative position of each host was

similar to the host ranking from the 7 d mortality data.

The

infection rate estimates were highest among larvae collected
from pitch pine and significantly lower among those collect¬
ed

from black oak

14.90,

d.f.

=

1,

(75.7% versus
P

<

0.001

and
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91.7%

for pitch pine,

72.2% versus

85.6%

X2

=

for pitch
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Fig. 11. Cumulative NPV infection rate among larvae
collected from four different host species at two study
sites (A and B) on Cape Cod in 1984. Labels followed by the
same letter were not statistically different from each
other.
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pine,

X2

=

7.98,

spectively)

d.f.

=

1,

P = 0.005;

Figs.

11a and

lib,

re¬

with intermediate rates among larvae from bear

oak.

Estimates

for larvae collected

most

identical to those obtained

from white oak were al¬

for larvae from black oak

and were also different from larvae collected on pitch pine
(X2
=

=

10.71,

0.015;

d.f.

Figs.

=

1,

11a and

P = 0.001

and X2

=

lib respectively).

5.97,

d.f.

=

1,

P

This contrasts

with the 7 d mortality rates observed among larvae collected
from white oak which were more similar to the mortality
rates of larvae collected on pitch pine than black oak.
Discussion
Egg mass contamination could arise from either a paren¬
tal source
source

(vertical transmission)

(horizontal transmission)

or an environmental

and previous work has

sug¬

gested that both might play a role in transmission of NPV
between generations of the gypsy moth
1987,

Murray & Elkinton 1989).

(Shapiro & Robertson

Vertical transmission may be

from either maternal or paternal sources

and might arise

from infection of the internal tissues of the parent or from
contamination of the parent

(either internal or external).

The high levels of mortality associated with egg masses
collected

from the boles of trees

is consistent with evi¬

dence that the substrate on which the egg mass
is

a major source of NPV contamination

1989).

Doane

(1970)

(Murray & Elkinton

indicated that late instars have a

greater tendency to die in resting locations
liage)

than early

is oviposited

instars and I observed
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(off the fo¬

a reduction in fo-

liage contamination at the end of the larval season when
mortality

rates were still high

(see Chapter 1).

The in¬

creased mortality at resting locations on the boles
large amounts of NPV produced

and the

from late instar cadavers may

both contribute to higher levels of contamination on bole
surfaces.

It is also conceivable that the high levels of

contamination among egg masses collected
due to differential behavior of adults
female)

from tree boles

is

(either male or

that are either infected or contaminated

(vertical

transmission).
While Murray & Elkinton

(1989)

found that the time of

collection had little impact on NPV contamination among egg
masses,

the results were somewhat

ability values
0.0981;

(P)

inconclusive because prob¬

from two separate ANOVAs were 0.1893

and

leaving open the possibility that those egg masses

collected within
contaminated.

3 d of oviposition may be somewhat less

The authors also found that placement of a wa¬

ter proof shelter above an egg mass had no effect on egg
mass contamination.

In my study,

the level of contamination

had completely stabilized by November
ruary)
sults
ton

(in comparison to Feb¬

and was not related to compass orientation.

These re¬

are consistent with the suggestion of Murray & Elkin¬

(1989)

that any contamination from environmental sources

occurs during or shortly after oviposition.
Egg mass weight is correlated with the number of eggs
in an egg mass
sure of overall

(Moore & Jones

1987)

and

is therefore a mea¬

fecundity of the female parent.
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In the labo-

ratory,

Shapiro & Robertson

(1987)

found that while egg mass

contamination was highly correlated with the dose of NPV to
which parental larvae had been exposed

(r = 0.917),

the

weight of the egg masses was not related to the dose,
implies

a poor

which

relationship between the weight of the egg

mass and the level of NPV contamination in the egg mass.
field-collected egg masses,

I

In

similarly found no relation¬

ship between the number of larvae hatching from an egg mass
and NPV contamination within a study site.
that any contamination derived
of exposure to NPV

Thus,

from the parent is

it appears
a function

(either internally or externally)

and

is

not related to the fecundity of the female.
I

found no relationship between the number of larvae

per egg mass
however,

and egg mass contamination within study sites;

mean egg mass contamination may

in general be cor¬

related with the mean number of larvae per egg mass

across

different sites because both may be affected by density.
Campbell

(1967)

observed a negative relationship between the

number of eggs per mass and egg mass density in the previous
generation.
egg masses

Doane

(1971)

in older,

reported that NPV contamination of

dense populations was higher than

building populations and suggested that transovum transmis¬
sion may be density-dependent in the years preceding an epi¬
zootic

(Doane 1976b).

My results

from Lyme also indicated a

strong positive correlation between egg mass contamination
and density in the previous year.
suggested

The data from Cape Cod

a possible relationship between egg mass contamin-
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ation and the number of larvae per mass
(P = 0.096)

from different sites

but failed to confirm that either is

related to

density.
My results

from larval collections are consistent with

those of Keating & Yendol

(1987)

and Keating et al.

(1988)

who showed that susceptibility of larvae to NPV depends on
the foliage from which the dose of NPV is obtained.

They

found that mortality at several doses was higher when admin¬
istered on aspen or pitch pine,
still

than on red oak and lower

if administered on black oak.

found that the percentage of larvae

In my field studies,

I

in the early stages of

infection was higher among larvae collected
than from either white or black oaks.

from pitch pine

The percentages of

larvae in the late stages of infection showed similar dif¬
ferences but were less consistent.

This would be expected

if

infection rates depended on the host but were obscured prior
to mortality by movement between trees.

Previous studies

in¬

dicate that the daily percentage of larvae that move between
trees may be as high as
lations

30%

in high density gypsy moth popu¬

(Lance & Barbosa 1979,

higher larval

Liebhold et al.

The

infection rates on pitch pine may have been

due to increased

foliage contamination or an increase in

susceptibility as previously noted
It is

1986).

(Keating & Yendol

1987).

interesting to note that neonates that emerged

from egg masses collected on black oaks also suffered lower
rates of mortality in Lyme.
tion from parents

Either lower rates of contamina¬

(vertical transmission)
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or lower levels of

bark contamination
for this

(horizontal transmission)

could account

result.

Rossiter

(1987)

speculated that the host switching be¬

havior of gypsy moth larvae

(from oaks to pitch pine)

might

be an evolutionary adaptation to escape infection by NPV in
low density sites.

In her study,

lower rates of mortality

were associated with egg masses collected

from pitch pines

and larvae fed with pitch pine foliage lived longer than
larvae fed with oak foliage after receiving a lethal dose of
NPV.

As predicted by Rossiter,

may have offered

the advantage that pitch pine

in low density sites was not in evidence in

my high density sites.

I observed higher rates of infection

among larvae and comparable levels of contamination among
egg masses collected on pitch pine.
Finally,

the results of these studies

also

illustrate

the importance of an adequate sampling scheme for estimating
NPV prevalence,

particularly among egg masses.

from different substrates must be sampled
the frequency with which they occur

Egg masses

in proportion to

in the population to ob¬

tain an unbiased estimate of overall prevalence.

Obtaining

an unbiased sample of larvae is more difficult than obtain¬
ing an unbiased sample of egg masses because detecting egg
masses

in an environment without leaves

is considerably eas¬

ier than thoroughly searching an area for larvae with fo¬
liage present.

Fortunately,

the differences

in NPV preva¬

lence among larvae from different portions of the habitat
were not as pronounced

as the differences
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among egg masses.

CHAPTER 4
PREDICTING THE IMPACT OF A NUCLEAR
POLYHEDROSIS VIRUS IN GYPSY MOTH POPULATIONS

Introduction
The nuclear polyhedrosis virus
Lymantria dispar,

(NPV)

is the most important factor regulating

high density gypsy moth populations
for dramatic reductions
Doane 1970,

of the gypsy moth,

and

in host density

Campbell & Podgwaite 1971,

is often responsible
(Campbell 1963,
Campbell

1976).

Epi¬

zootics of the disease result from increasing rates of
transmission within and between generations of the gypsy
moth as host density
1970,

1971,

1975,

Chapter 1).
egg masses

increases

1976a,b;

First instars become infected
(Bergold 1942,

1986;

1943,

see Chapter 2)

see Chapter 1).

from contaminated

Doane 1969,

1970,

(Doane 1975,

instars

(Doane 1969,

1975)

and

Weseloh & An-

(Doane 1969,

1970,

A second wave of mortality occurs

among older larvae as the environment becomes
contaminated

see

and serve as primary inoculum

for uninfected second and third
1976a,b;

Doane 1969,

Higashiura & Kamijo 1978;

from a contaminated environment
dreadis

(Campbell 1963,

1976a,b;

increasingly

Podgwaite 1981b;

Chapter

).

1

Bergold
reared

(1943)

suggested that mortality among larvae

from egg masses might be useful

zootics of the nun moth,
that epizootics

L.

monacha.

for predicting epi¬

Bird

(1955,

1961)

found

resulted from contamination of less than 10%
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of the egg clusters

in three species of sawflies and prelim¬

inary work by Dahlsten & Thomas

(1969)

suggested a potential

for predicting epizootics by rearing larvae hatched
Douglas-fir tussock moth,
the gypsy moth,
tality

Doane

(1971,

(greater than 20%)

collected egg masses

Orgyia pseudotsugata,
1976a,b)

eggs.

For

found that high mor¬

among larvae reared

resulted

from

from field-

in an epizootic while no epi¬

zootic would occur in populations with less than approxi¬
mately 5% mortality.

Predicting epizootics

in populations

with intermediate levels of NPV in the egg masses was more
difficult.
The following study was
tend the work of Doane

(1971,

an attempt to confirm and ex¬
1976a,b)

in an effort to de¬

velop a reliable model that will predict the impact of NPV
on gypsy moth populations.

Data collected

were collected and contributed by K.
and J.

Gould.

For the most part,

sistent and differences

in 1986

Murray,

A.

and

1987

Liebhold,

procedures used were con¬

in methodology have been indicated

where they occurred.
Methods and Materials
Fourteen study plots were established
Otis Army National Guard Base
setts.

oak

(Q.

on Cape Cod,

around
Massachu¬

Plots were 4 to 9 ha in stands dominated by black oak

(Quercus velutina),
(Pinus

(ANGB)

in and

rigida).

(Q.

alba)

and pitch pine

The understory consisted primarily of bear

ilicifolia),

blueberry

white oak

sheep laurel

(Vaccinium spp),

(Kalmia angustifolia),

and huckleberry
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(V.

stamineum).

Egg masses were collected from 5 x 5 m quadrats prior
to hatch in the spring from 1983 to 1985
Chapter 5.

as described

All egg masses that were encountered while thor¬

oughly searching each quadrat were scraped
30 ml plastic cups and
sectary.

Egg mass density was estimated

fixed-radius plots

individually

returned to an outdoor screened

of egg masses per quadrat.

ployed

in

In 1986

and

into
in¬

from the mean number
1987,

3 m or 5 m

(depending on egg mass density)

were em¬

(Kolodny-Hirsch 1986).

Most larvae were allowed to hatch from the egg masses
at ambient outdoor temperatures
the field;

in synchrony with those in

others were chilled at 4°C for a few days until

larvae could be placed on diet.

Larvae were transferred to

180 ml cups with 85 ml of artificial diet
using an artists paint brush disinfected
hypochlorite,

and

(Bell et al.
in 0.5% sodium

reared at 29°C as described

The number of larvae reared

1981)

in Chapter 5.

from each egg mass depended on

the number of egg masses collected

from each plot and was

adjusted so that a total of approximately 1000 larvae were
reared per plot.
1985;
and
d.

the number was

1987.
I

Ten larvae were reared per cup from 1983

to

increased to 20 larvae per cup in 1986

Mortality due to NPV was

recorded at the end of 14

found that the best estimate of mortality resulting

from egg mass contamination is obtained at
conditions

14 d under these

and that very little mortality from secondary

transmission occurs during this time
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(see Chapter 1).

The

total number of larvae that emerged

from each egg mass was

recorded after hatch was complete.
Larval sampling usually began with second
continued until pupation.
lected weekly

from both overstory oaks

in three of the plots
minimum of 450
collected

Approximately 120

in 1983.

and

instars

larvae were col¬
in the understory

In the remaining 11 plots

larvae were collected weekly.

a

Larvae were

from each of nine subplots and were similarly

stratified between the overstory and understory.
placed

individually into

mately

10 ml diet

outdoor screened
tures.

and

30 ml plastic cups with approxi¬

(Bell et al.

1981)

and placed

insectary that approximated

Larvae were monitored daily

through 1985.

Larvae were

in an

field tempera¬

for mortality in 1983

In subsequent years larvae were checked bi¬

weekly until adult emergence or mortality occurred.

Virus-

caused mortality was verified by microscopic examination for
the presence of polyhedral inclusion bodies

(PIB)

(Glaser

1915) .
The impact of NPV on gypsy moth populations
field was estimated
Fuxa and Tanada
of insects

in the

for each study plot in several ways.

(1987)

define prevalence as the proportion

infected at the time of collection.

the prevalence of NPV for each collection date,
the total number of larvae that died

To estimate
I divided

from NPV by the total

number of larvae collected less half the censored ob¬
servations

(those that died

from other causes)

were reared through to adult emergence.
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when larvae

Censored observa-

tions

(in the denominator)

were considered,

on average,

to

be at risk of dying from NPV for only half of the rearing
period.

The maximum weekly estimate of NPV prevalence

(Vm)

and the estimate of prevalence at the beginning of the sec¬
ond wave of mortality

(V5),

when most larvae were late

fourth and early fifth instars,

were recorded

for each study

plot.
In addition,

weekly mortality rates were calculated as

the proportion of insects that died within 7 d of collection
(also using half the censored observations

in the denomina¬

tor) .

rates

These proportions estimate mortality

in the

field during the 7 d between collections.
Both weekly mortality and prevalence estimates were
used

in calculating an estimate of the cumulative mortality

for the second wave
viving NPV

(

=

1

(W2).

The weekly probabilities of sur¬

- weekly mortality rate for NPV)

samples which included third

instars and older,

in those

were multi¬

plied together for all but the last sample collected.
product of these weekly survival
by the overall survival
last sample.

(

=

1

The

rates was then multiplied

- prevalence of NPV)

in the

Overall survival best estimates the probability

of surviving NPV from the time of the last collection until
adult emergence.

Finally,

surviving from third
the weekly survival
collection)

the estimate of the proportion

instar to adulthood

(the products of

rates and overall survival

was subtracted

from 1

in the last

to estimate the cumulative

impact of NPV during the second wave of mortality.
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We investigated the relationships of the maximum preva¬
lence of NPV
stars

(V5)

(Vm),

the prevalence among fourth and fifth in¬

and the cumulative second wave mortality

(W2)

with each of 5 predictor variables. These included the per¬
centage of NPV-caused mortality among larvae reared from
field-collected egg masses
Density),

(EM Virus),

egg mass density

and first instar larval density

(LI Density;

(EM
esti¬

mated by the product of egg mass density and mean number of
larvae hatching from egg masses

[Hatch]).

The proportion mortality among larvae reared from egg
masses

(EM Virus)

represents a relative estimate of the pro¬

portion of early instars that will die during the first wave
of NPV-caused mortality because neonates also become infect¬
ed after leaving the egg mass by contact with contaminated
surfaces
2).

(Doane 1975, Weseloh & Andreadis 1986;

Egg mass density

(LI Density)

(EM Density)

see Chapter

and first instar density

both represent relative estimates of the den¬

sity of early instars

(dispersal and other causes of mortal¬

ity may alter densities prior to the first wave). Multiply¬
ing the proportion of infected larvae
ure of density

(EM Virus)

(EM Density or LI Density)

by a meas¬

therefore repre¬

sents a relative estimate of the density of cadavers pro¬
duced during the first wave of larval mortality or the aver¬
age dose of NPV inoculum available to uninfected larvae.

I

included "EM Virus x EM Density" as well as "EM Virus x LI
Density"

(= EM Virus x EM Density x Hatch)

62

among the predic-

tor variables to evaluate whether the inclusion of hatch
rate data would necessarily improve the model.
Regression analyses between predictor variables and es¬
timates of NPV impact were evaluated using the SAS NLIN and
REG procedures (SAS Institute Inc. 1987). Linear models were
of the form Y = a + bx, while non-linear models were of the
form Y = a(Xu). Each fitted model was compared with a con¬
stant [Y = mean(y)/ indicating no relationship between the
variables] using the F statistic (Neter et al.

1985).

Estimating the mean number of larvae per egg mass by
counting the emerging larvae can be very time consuming. As
part of this study, I also investigated the relationship be¬
tween egg mass weight and the number of larvae hatching from
the egg mass. Egg masses, which were collected on clear, dry
days in 1983 and 1985, were weighed to the nearest 0.01 g
before being placed in the insectary. The numbers of larvae
emerging from these egg masses were later counted.
Results
Table 2 summarizes the results of the regression analy¬
ses. Egg mass density (EM Density) proved a better predictor
of subsequent NPV prevalence and cumulative mortality than
did egg mass NPV contamination (EM Virus) for which none of
the regressions were significant. In general, compound pre¬
dictors which included information from two measures

(LI

Density = [EM Density x Hatch] and [EM Density x EM Virus])
had higher coefficients of determination (r2) than either
egg mass density or egg mass contamination alone. The vari
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Table 2. Results of regression analyses for three
measures of larval mortality in the field (W2 = cumulative
NPV mortality during the second wave, Vm = highest preva¬
lence of NPV in weekly larval samples, and V5 = prevalence
of NPV in samples collected when larvae were predominantly
late fourth and early fifth instars). Independent variables
included egg mass density (EM Density), percentage mortality
among larvae reared from egg masses (EM Virus) and density
estimates of first instars (LI Density = egg mass density
times the mean number of larvae per egg mass)

Model

Coefficient of
Determination (r2)

F
Value

d. f.

Proba¬
bility

W2=a + b(EM Virus)
W2=a + b(EM Density)
W2=a + b(Ll Density)
W2=a(Ll Density)**b
W2=a + b(EM Density x EM Virus)
W2=a(EM Density x EM Virus)**b
W2=a + b(Ll Density x EM Virus)
W2=a(Ll Density x EM Virus)**b

0.022
0.550
0.625
0.687
0.462
0.452
0.720
0.605

0.28
14.7
16.7
22.0
10.3
9.90
25.7
15.3

1,12
1,12
1,10
1,10
1,12
1,12
1,10
1,10

0.609
0.002
0.002
0.001
0.007
0.008
0.001
0.003

Vm=a + b(EM Virus)
Vm=a + b(EM Density)
Vm=a + b(Ll Density)
Vm=a(Ll Density)**b
Vm=a + b(EM Density x EM Virus)
Vm=a(EM Density x EM Virus)**b
Vm=a + b(Ll Density x EM Virus)
Vm=a(Ll Density x EM Virus)**b

0.004
0.237
0.267
0.525
0.442
0.550
0.541
0.624

0.04
3.73
3.65
11.1
9.49
14.6
11.8
16.6

1,12
1,12
1,10
1,10
1,12
1,12
1,10
1,10

0.837
0.077
0.085
0.008
0.009
0.002
0.006
0.002

V5=a + b(EM Virus)
V5=a + b(EM Density)
V5=a + b(Ll Density)
V5=a(LI Density)**b
V5=a + b(EM Density x EM Virus)
V5=a(EM Density x EM Virus)**b
V5=a + b(Ll Density x EM Virus)
Vc=a(LI Density * EM Virus)**b

0.006
0.505
0.549
0.604
0.519
0.498
0.699
0.586

0.07
12.3
12.2
15.3
12.9
11.9
23.2
14.1

1,12
1,12
1,10
1,10
1,12
1,12
1,10
1,10

0.790
0.004
0.006
0.003
0.004
0.005
0.001
0.004
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able which was the product of egg mass contamination,
mass density and hatch rate

egg

(our best estimate of the den¬

sity of larvae that died during the first wave)
reliable predictor of second wave mortality.

was the most

The curvilinear

o

models provided higher r
parts

values than their linear counter¬

for predicting the maximum prevalence of NPV

(Vm),

but

were of no consistent advantage in predicting the other mea¬
sures of NPV impact.
Cumulative mortality during the second wave had the
highest r
tality

values of the three measures of subsequent mor¬

in the field.

mortality and

The relationship between second wave

four of the predictors

is presented

in Fig.

.

12

Data from four of the study plots showed a strong
linear relationship between egg mass weight and the number
of hatching larvae
0.0001).
bX)

(r2 = 0.898,

F =

2065,

d.f.

=

1,235,

The model which included an intercept term

(Y =

<
a +

was not a significant improvement over the model lacking

the intercept term

(Y = bX;

0.764);

the latter model

therefore,

F = 0.090,

d.f.

=

1,235,

is presented

+ bxc)

resulted

5.15,

13.

(Y =

a

in a statistically significant improvement

d.f.

=

2,234,

P = 0.0065)

slight curve to the relationship
0.836);

P =

in Fig.

The addition of both intercept and exponential terms

(F =

P

however,

the partial r2

which suggested a

(a = -35.2,

b =

913

and c =

for the additional terms was

only 0.042

and

increased the overall

Similarly,

the linear model was statistically improved by
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r2

from 0.898 to 0.902.

Fig. 12. The relationships between the cumulative mor¬
tality rate among late instars in the field and several pre¬
dictors obtainable prior to egg hatch. Predictors include:
(A) mortality due to NPV among larvae hatched from egg mass¬
es (EM Virus), (B) egg mass density (EM Density), (C) first
instar density (LI Density = EM Density x Hatch), and (D) a
relative estimate of primary inoculum (EM Virus x LI Den¬
sity). Triangles designate plots sampled from 1983 through
1985 and circles designate plots sampled in 1986 and 1987.
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Larvae/Egg Mass
Fig. 13. The relationship between the number of larvae
hatching from egg masses in four plots studied on Cape Cod
(1983 and 1985) and egg mass weight (gm). Different symbols
designate egg masses from different study plots.
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fitting each of the four plots separately
6,229;

P =

0.0003)

but only accounted

variability not accounted
r2

improved

(F =

4.361;

d.f.

=

for 0.103% of the

for by the linear model

(overall

from 0.898 to 0.908).

Although mortality observed

in the field was not

related to egg mass NPV contamination alone,

I observed

a

significant negative relationship between egg mass contamin¬
ation and the instar at which maximum NPV prevalence was
observed
ed

(F =

8.55;

d.f.

=

1,12;

P = 0.0128).

an overall decrease in egg mass densities

1987

and

an overall

I

also observ¬

from 1985 to

increase in egg mass contamination.

The

importance of these observations will be discussed below.
Discussion
Evidence is presented

in Chapter

1

that mortality dur¬

ing the later phases of the second wave results
oculum produced
as

from in¬

in the beginning of the second wave as well

from the primary inoculum produced during the first wave.

The measures of second wave mortality that were used
study

(cumulative percentage mortality,

of NPV and prevalence among fourth and

in this

maximum prevalence
fifth instars)

likely reflect both stages of transmission.

will

Egg mass density

and LI density can be expected to be positively correlated
with both the amount of inoculum produced during the first
wave of mortality and the residual density of larvae surviv¬
ing the first wave.
should,

in turn,

oculum produced

The increased density of residual larvae

contribute positively to the amount of in¬
at the beginning of the second wave and con-
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tinued transmission. Alternately, the percentage of larvae
infected at time of hatch will directly contribute to the
amount of primary inoculum produced, but will also contrib¬
ute in part to the density reduction during the first wave
of mortality. The increase in primary inoculum and reduction
in residual larval densities will be antagonistic factors in
determining the amount of inoculum produced during the be¬
ginning of the second wave. Mortality assessments which re¬
sult from both first and second wave inoculum should there¬
fore be more strongly correlated with density than with egg
mass contamination. In this study, both egg mass density and
LI density (Figs.

12b,c) were more strongly related to the

measures of subsequent NPV impact than was mortality among
larvae reared from egg masses (Fig.

12a).

Egg mass contamination may also be correlated with
other factors such as parasitism and predation that further
reduce early instar densities beyond that mortality due to
NPV. Support for this hypothesis may be suggested by the ob¬
servation that populations increasing in density and popula¬
tions at their peak (Fig. 12d, triangles) tended to fall
above the regression line while declining populations with
high levels of NPV contamination among the egg masses (Fig.
12d, circles) tended to fall below the regression line.
The negative relationship between egg mass contamina¬
tion and the instar at which maximum prevalence is observed
further emphasizes the importance of both primary inoculum
and density in the development of an epizootic. In those
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plots with the highest levels of egg mass contamination,
mortality in the second wave was

initially high but does not

continue to increase without the densities necessary for
substantial transmission.

This scenario may explain the re¬

sults of Dahlsten & Thomas

(1969)

in their 1966 plot,

where

mortality at the end of the season was lower than expected.
The results of this study support the hypothesis that
NPV regulates gypsy moth populations
dependent manner.

Doane

(1976a,b)

rence of NPV in the years

in a modified density-

suggested that the occur¬

following an epizootic would be

higher than expected by density alone since larvae would
continue to become infected

from a contaminated environment.

Recent evidence suggests that egg mass contamination in the
gypsy moth is derived largely from the substrate on which
the egg mass
Chapter

3).

is oviposited

(Murray & Elkinton 1989;

Mortality among larvae reared

may therefore,

see

from egg masses

be little more than a bioassay of environmen¬

tal contamination.

Egg mass densities

from 1985 to 1987,

while the mortality observed among larvae

reared

in my studies declined

from egg masses continued to increase.

The results of this study further establish that esti¬
mates of mortality among larvae reared

from field-collected

egg masses together with density estimates can be useful
variables

for predicting the subsequent impact of NPV in

gypsy moth populations

(Doane 1971,

mortality in these plots was

1976a,b).

found to be unrelated to the

percentage of mortality from egg mass
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Second wave

rearings alone

(Fig.

12a)

while density estimates

(Figs.

12b,c).

alone were somewhat more useful

The relative estimate of the overall primary

inoculum produced by larvae reared
x LI Density),

however,

accounted

from egg masses

for a substantial amount

of the variation in second wave mortality
12d).

It

(EM Virus

(r2

=

0.72,

Fig.

is worth noting that the estimate of primary

inoculum was most successful

in separating the two plots

where severe epizootics occurred

from the other plots

which second wave mortality was moderate.
consistent with Kaupp

(1981)

in

This model is

also

who concluded that the combined

effects of larval density and environmental contamination
explained the occurrence of NPV in his studies with the NPV
of the european pine sawfly

(Neodiprion sertifer).

Counting larvae that have hatched
tedious process

from egg masses

is a

and the strong linear relationship between

egg mass weight and hatch suggests a convenient alternative.
Moore & Jones

(1987)

indicated that measurements of egg mass

length provide more easily obtained estimate of fecundity
(number of eggs per mass)
ble results
weight).

(r

than egg mass weight with compara-

= 0.68 using length versus

=

0.73 using

I observed a stronger relationship between egg mass

weight and the number of larvae hatched
= 0.90)

r

from egg masses

(r

2

and suggest that weight may be the preferable meas¬

ure in cases where egg masses are to be collected
ing purposes;

whereas,

for rear¬

length may be more convenient for

non-destructive sampling schemes.
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Both linear models with an intercept term and non-lin¬
ear models that went through the origin were explored
this

study.

The distribution of points

in

in the scatter plots

suggest the possibility that a discriminant analysis may ul¬
timately be more appropriate.

Only two plots experienced

mortality due to NPV of greater than 90%

in the second wave

and would typically be regarded as having experienced an
epizootic.

The remaining plots experienced cumulative second

wave mortalities between 10

and

55%.

Additional data will be

necessary to assess the distribution of the dependent vari¬
able and the appropriateness of a model with a binary re¬
sponse variable that

indicates whether or not an epizootic

will occur.
Regardless of the model employed,
that assesses egg mass density,

a sampling protocol

egg mass contamination and

egg mass weight will provide much of the information neces¬
sary to predict the subsequent impact of NPV in the field
(r

=

0.720);

however,

a few points

fore applying any of these models.

should be considered be¬
As previously mentioned,

there is evidence that mortality among larvae reared
field-collected egg masses

results mainly

of the oviposition substrate

from

from contamination

(Murray & Elkinton 1989).

Egg

masses oviposited on the boles of trees are more highly con¬
taminated than those from other locations such as

rocks,

branches

3).

and dead wood

in the litter

sampling protocol that is unbiased
from which egg masses

(see Chapter

A

relative to the substrate

are collected will therefore be neces-
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sary to insure an unbiased estimate. It seems likely that
collecting egg masses from quadrats would be preferable to
collecting those egg masses identified with the prism-point
technique (Wilson & Fontaine 1978) or the casual collection
of the most obvious egg masses.
In addition, models developed in one stand may have to
be altered somewhat for application in stands of different
composition. Tanada (1963) and Doane (1970) have suggested
that the spatial arrangement of larvae may be a significant
factor in the development of an epizootic. Relative density
is increased in gypsy moth larvae by aggregations at the
tops of trees during the first wave of mortality (Doane
1970). Similarly, one might expect that aggregations on pre¬
ferred hosts may increase relative density (and therefore
transmission rates)

in mixed stands while densities may be

more homogeneous in pure stands.
Finally, my best model which incorporates information
about egg mass density, hatch and egg mass contamination re¬
flects only the most basic processes involved in the spread
of gypsy moth NPV.

It is likely that many other factors will

ultimately play a role in determining the total impact of
NPV. Other factors affecting NPV transmission and gypsy moth
susceptibility include the role of mammals and birds
(Lautenschlager & Podgwaite 1977,
al.

1980), predators

(Raimo et al.

1979, Lautenschlager et

(Capinera & Barbosa 1975), parasites

1977, Godwin & Shields 1984), diet (Schultz &
/

Baldwin 1982, Keating & Yendol 1987) and site conditions
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(Campbell 1963). It seems likely that a more complete un¬
derstanding of factors affecting NPV transmission and larval
susceptibility will allow increased precision in predicting
NPV activity.
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CHAPTER 5
EFFECTS OF BACILLUS THURINGIENSIS TREATMENTS ON THE
OCCURRENCE OF NUCLEAR POLYHEDROSIS VIRUS IN
GYPSY MOTH POPULATIONS

Introduction
The population dynamics of the gypsy moth, Lymantria
dispar, have been characterized by periods of low densities,
very high densities and relatively brief transitions (Turner
1963, Campbell 1975). Epizootics of the gypsy moth nuclear
polyhedrosis virus (NPV) are the primary cause of collapse
of high density host populations (Campbell 1963, 1976, Camp¬
bell & Podgwaite 1971, Doane 1970) and result from increas¬
ing transmission rates, both within and between generations,
as gypsy moth densities rise (Doane 1969, 1970, 1976b; Chap¬
ter 1). Cadavers of larvae that become infected at the time
of egg hatch and die during the first "wave" of mortality,
serve as inoculum for healthy second and third instars. The
highest rates of mortality are typically observed during the
second "wave" of mortality which occurs among late instar
larvae (Glaser 1915, Campbell 1967; see Chapter 1).
Pesticide applications for gypsy moth control provide
foliage protection by reducing larval densities before sub¬
stantial defoliation has occurred. Reducing larval densities
prior to the first "wave" of mortality is likely to reduce
transmission rates of NPV from infected to healthy larvae
and adversely affect the development of an epizootic. In-
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deed, Doane (1968) observed higher egg mass densities
following treatment with a phosphate insecticide and sug¬
gested that the residual larval population experienced a re¬
duction in other density-dependent mortality factors. Simi¬
larly, Kaya et al.

(1974) and Andreadis et al.

(1982) pre¬

sumed that higher rates of mortality from NPV in untreated
plots caused reductions in egg mass density comparable to
those observed in plots sprayed with Bacillus thuringiensis.
Andreadis et al.

(1983) obtained good foliage protection (<

5% defoliation) with B. thuringiensis but reported a reduced
prevalence of NPV in treated plots and a significant posi¬
tive correlation between the prevalence of NPV and the den¬
sity of the residual larval population. The following study
is an assessment of the impact of B. thuringiensis treatment
on the prevalence of NPV and on the subsequent population
dynamics of the gypsy moth.
Methods and Materials
In 1981, the United States Department of Agriculture
(APHIS Methods Development Laboratory, Cape Cod, Massachu¬
setts) set up field tests of B. thuringiensis formulations
in and around the Brimfield State Forest in Brimfield, Mas¬
sachusetts. Treated plots were 16 ha and located within the
State Forest boundaries, whereas unsprayed control plots
were established immediately outside the state forest. I
collected egg masses

(see Egg Mass Sampling, below)

in three

treatment and four control plots in the spring of 1982 (10
months after treatment) to see if differences existed in the
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levels of virus being carried in egg masses to the next
generation.
My second study site was located in the Nehantic State
Forest near Lyme, Connecticut. The B. thuringiensis-sprayed
plots that I monitored were six of the nine 16 ha plots
treated and reported by Andreadis et al.

(1983). I also mon¬

itored six 16 ha control plots, each adjacent to and paired
♦

with a treatment plot. Five of the pairs were within 150 m
of each other while plots in replicate 6 were approximately
1 km apart. Egg masses were sampled in the spring of 1982
(before treatment), in the spring of 1983

(post-treatment)

and again in the spring of 1984. Larvae were collected
throughout the summer of 1982 to assess the effects of B.
thuringiensis on NPV-caused mortality during the year of
treatment.
In 1983 I established six 16 ha plots in and around
Otis ANGB on Cape Cod, Massachusetts. Each of the three B.
thuringiensis-treated plots was located within 100 m of a
paired control plot. In addition, five subplots, each ap¬
proximately 0.25 ha, were monitored within a large residen¬
tial area that the town of Falmouth had sprayed with B.
thuringiensis. A corresponding set of five subplots was
located on land adjacent to the sprayed area. Plots on Cape
Cod were chosen to represent a variety of gypsy moth densi¬
ties to assess B. thuringiensis impact under a wider range
of conditions than those experienced in Lyme. As in Lyme,
egg masses were collected before treatment and for the fol-
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lowing 2 yr;

larvae were collected throughout the summer in

which treatment occurred.
A pair of 9 ha treatment and control plots was also
established

in 1984 on Cape Cod and sampled as above,

the exception that the egg mass collections

with

2 yr following

treatment were not made.
Egg masses were collected
study sites.

from 5 x 5 m quadrats

in all

Ten quadrats were uniformly distributed

around

the center of the plots
Lyme,

Connecticut.

in Brimfield,

Massachusetts and

The number of quadrats was

increased to

16 per plot on Cape Cod because gypsy moth densities were
particularly heterogeneous within the plots.

Quadrats were

uniformly distributed throughout the central portion of the
Cape Cod plots.

All egg masses within or above the quadrat

were counted and collected.

If the number of egg masses

given quadrat greatly exceeded
search,

50

in a preliminary visual

then a suitable number of egg masses were skipped

between each egg mass collected

in a systematic search so

that the final number of egg masses collected
quadrat fell
scraped

in a

in the range of 40

individually

an outdoor screened

into

to 60.

from that

Egg masses were

30 ml plastic cups

and placed

in

insectary.

Most of the egg masses hatched under ambient outdoor
temperatures

in the screened

insectary;

others were chilled

at 4°C for a few days until they could be processed.
cases,
dled

egg masses

In all

from treatment and control pairs were han¬

in the same manner.

Two to three d after hatch began.
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larvae were transferred with paint brushes sterilized
0.5% sodium hypochlorite solution into cups
180 ml cup)
1981).

with 85 ml of wheat germ diet

(10 larvae per

(Bell et al.

The total number of larvae taken from each egg mass

depended on the total number of egg masses collected
the plot and was adjusted so that approximately
were reared per plot.
chamber at 29°C/

Larvae were reared

55% RH,

tality from NPV was

and a 12:12

(L:D)

recorded at 2 and

Cape Cod.

1,000 larvae

photoperiod.

in Lyme and

Three dominant oak trees were arbitrarily selected

living larvae encountered

and

1983.

were placed

in individual

(Bell et al.

1981)

and

returned to the laboratory.

larvae were collected

for

from the canopy and
3

(except the week of June 4),

chamber

(29°C)

3 wk.

trees

tree in 1983

reared

from the canopy and

in an environmental

20

in¬

from the base of each

because of increased heterogeneity in condi¬

from each of the
reared

from

and checked weekly for NPV-caused mortality

tions both within and between plots.

week,

10

In

in each plot on each

The number of larvae collected weekly was

creased to 20

Larvae

30 ml plastic cups with artificial

around the base of each of the
week

All

in a thorough search were col¬

lected until the total number desired was obtained.

10

Mor¬

4 wk.

from the central area of each plot in 1982

1982,

from

in an environmental

Larval collections were conducted weekly

diet

in a

Larvae were collected

3 collection sites within each plot on each

in the screened

insectary under ambient outdoor

temperatures and monitored daily for NPV-caused mortality.
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Peak defoliation for each of the major host species
Cape Cod plots was visually estimated
emergence

(Connola et al.

(Q.

in 1984 were sampled more

The center of each plot was divided

0.36 ha subplots.
oaks

at the onset of adult

1966).

The two plots on Cape Cod
intensively.

alba)

Two black oaks

and

trarily selected

2 pitch pines

in each subplot.

(Pinus

rigida)

Each week,

7

from each of these trees and

collected

from the understory of each subplot.

2 white

were arbi¬
larvae were

an additional

of approximately 450-500 larvae was collected
returned to the screened

reared and checked as

into nine

(Quercus velutina),

collected

on each week and

in all

10 were

Thus,

a total

from each plot

insectary to be

in 1983.

NPV-caused mortality was verified

in all

field-col¬

lected larvae by microscopic examination of the cadavers
the presence of polyhedral

inclusion bodies

(PIB)

for

(Glaser

1915).
Transformations were applied prior to parametric analy¬
sis so that the distributions of the variables
the normal distribution

(Sokal & Rohlf 1981).

formation was used on the density estimates
ness

to the right.

Proportions

ported

in the tables have been calculated

in the text

to reduce skew¬

rearings)

x transformation.

the transformed data while estimates
ported

A log trans¬

(mortality among field-col¬

lected larvae and mortality from egg mass
transformed using an arcsine

approximated

were

Means

re¬

from the means of

and standard errors

for individual plots were calculated
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re¬
from

untransformed observations.
analysis of Cape Cod data,

Observations were paired

for the

while the Lyme data was more ap¬

propriately analyzed as unpaired observations because of
«

t

non-normal distributions of the paired differences.

No pair¬

ing was possible for the Brimfield data.
Egg mass density data and egg mass virus mortality data
were both analyzed with a repeated measures
Dixon et al.

1983)

analysis of

variance

(BMDP2V,

applied across

all

of data.

Multiple comparisons of the difference between

3 yr

treatment and control means within each yr were obtained by
calculating values

for the t statistic using the error mean

square from the treatment/year
measures ANOVA table

interaction of the repeated

(Stoline 1985).

Larvae from Cape Cod were monitored daily and

reared

in

an outdoor insectary under the same temperature regime as
that experienced by larvae in the field.

Weekly mortality

rates experienced by larvae in the field were estimated

from

these samples by tabulating the number of larvae from each
of the samples that died within 7 d of collection.

Mortality

rates of collected larvae and those remaining in the field
will not differ as

a result of contamination after collec¬

tion since mortality generally occurs
infection

(Doane 1967,

at least 7 d after

Magnoler 1974).

provide evidence from the control plots
mortality among early instars provides
larvae which results
later instars.

in a second

"wave"

In Chapter 1,

I

in this study that
inoculum to healthy
of mortality among

Weekly mortality estimates of larvae from
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Cape Cod
waves

were

and

therefore

separated

into

first

cumulative percent mortality was

each wave using

these weekly

week

3

wk

of collection was

from Lyme,

insects

Connecticut

that were lethally

tabulated

and

infected

at

Magnoler

rates

occurring

1974;

of the

obscured

samples

was

in the Lyme

assessed

however,

a

season was
mortality
ple.

after

rearing

obtained

treatments

occur

and

21

for

since

but

in the

laboratory

the Lyme plots

should not

The mortality

will

affect

apply

rates

by

field

and

for

to

result

were

3

wk;

among larvae

all mortality

of collection
Several

at

field

different

taken.
analyzed

The

the

reared

that

from a

the

between

both treatment

since the Cape Cod

wk

for

in unrealistic

comparisons

applied

4

the

assuming that

rate

across

at

through time within each sam¬

assumption will

biases

d

The weekly

second waves

be

Lyme was

1).

in the

laboratory were taken to

data were

after

because the larval mortality

rates were constant

estimates

control.

first

and

the proportion of

relative measure of cumulative mortality

Violation of this

weekly

each plot

see Chapter

among larvae

distinct mortalities

for

the time of collec¬

29°C

mortality

for

estimates

little mortality will

1967,

calculated

larvae that died

tion because very
(Doane

second

estimates.

The proportion of field-collected
within

and

result of a

sample date will

and

in the

constant weekly
data

indicated

occur within

4

wk

temperatures.
approaches

to the

total mortality

across

all weeks
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analysis

in weekly

for

each

of larval

samples

from

replicate pair

independently using Mantel
1980).
larly

&

Haenszel's

Weekly mortality estimates
analyzed

for

both the

peated measures ANOVA
the weekly mortality

(Dixon et
estimates

cumulative mortality data
Cape Cod

data

to

first

test

for

Chi-Square Test

from Cape Cod were
and

al.

second waves.

1983)

each of the waves

overall

differences

Multiple comparisons were made

for

rately

in the Cape Cod

t

above

mortality

for

data

the egg mass

(Stoline

The mortality
masses

collected

variate

into

treatment
tality

that

density

before

on

on the

from the

each wave

sepa¬

as

egg mass

reared

de¬
virus

from egg

introduced
for

as

rearings

and

if differences

observed

after

treatment

resulted

rather

a co¬

both post¬

of egg mass

Connecticut might have

existed

re¬

between treat¬

and

repeated measures ANOVA

observations

and

statistic

among larvae

before treatment was

the

A

1985).

observed

to determine

in Lyme,

data using the

simi¬

performed

from the Lyme data

ments.

scribed

was

(Lee

larval mor¬
treatment

from differences

than

from the

treatment

itself.
Results
The data
treatment may
next

tervals

Mortality

in treated

egg masses

indicate

that

affect NPV transmission via

generation.

lected

this

from Brimfield

plots was

collected

of 0-14

among larvae

and

difference was

fairly

d

thuringiensis

egg masses

to

during

after hatch
dramatic

83

(F

the

from egg masses

roughly half that observed

in control plots
15-28

B.

both the

(Table
=

8.47;

3).
df =

col¬
from

in¬

Although
1,5;

Table 3. Percentage mortality3 among larvae reared from
egg masses collected from control plots and plots that had
been sprayed the previous spring with Bacillus thuringiensis
from Brimfield, Massachusetts

Control
Plot
1
3
4
5
Meansu
a
,
D

B. thuringiensis

Interval (Days)
1-14
15-28
11.5
18.5
28.6
22.7

44.8
69.9
62.6
59.1

19.9

60.2

Plot
2
16
18

Interval (Days)
1-14
15-28
6.3
15.2
2.5

32.9
47.0
18.7

7.2

32.3

Percent mortality for the intervals of 1-14 and 15-28 d
after hatch.
Reported treatment means are calculated from the means of
the transformed data. The overall ANOVA results for
treatment differences were F = 8.47; df = 1,5; P = 0.033.
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P = 0.033) , I had no pre-spray data available to verify that
the B. thuringiensis treatment was the cause of these
differences.
Larval mortality estimates for Lyme (Fig.

14) suggest a

small but consistent difference with lower levels of infec¬
tion among larvae collected in sprayed plots. Estimates of
the cumulative percent mortality due to NPV are reported in
the third column of Table 4 for each of the treatment pairs
and the significance level of the Mantel & Haenszel ChiSquare Test for differences within each replicate is given
in the footnotes. Although the difference between the means
of the cumulative percent mortality (88.0% in controls ver¬
sus 81.6% in sprayed plots)

is not substantial, the ANOVA

results suggest that the overall differences are real (F =
11.72; df - 1,10; P = 0.0065).
Evidence suggesting that B. thuringiensis application
results in reduced mortality due to NPV is also apparent in
the egg mass (EM) density data and mortality data from egg
mass rearings. Mean egg mass densities (Table 4, columns 46) which were comparable or lower before treatment (16,307
versus 21,575 EM/ha in control plots; t = 0.533; df = 10; P
= 0.606), were still comparable during the following winter
(873 versus 681 EM/ha in control plots; t = 0.475; df = 10;
P = 0.645) despite insecticide applications. Percent mor¬
tality among larvae reared from egg masses in the spring
following treatment (Table 4, column 8) verify the results
found in Brimfield. The 14.1% mortality among larvae from
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Fig. 14. Mean percent (+ S.E.) of field-collected
larvae lethally infected with NPV for each sampling date
from 6 control plots and 6 plots treated with B. thuringiensis in 1982 (Lyme, Connecticut). Larvae were reared on
artificial diet in an environmental chamber (29°C; 50% RH)
for 3 wk.
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Table 4. Cumulative larval mortality from NPV, egg mass
densities, and percent virus mortality among larvae reared
from egg masses collected in B. thuringiensis treated and
control plots in Lyme, Connecticut

Larval
Mortality

Egg Mass
Density a

Egg Mass
Mortality,a

(%)

(Egg Masses/Ha)

<%)b

Rep

Trtmt

1

Ctrl
Bt

2

YrO

Yrl

Yr2

YrO

Yrl

Yr2

91.1
79.9C

74385
19197

145
1162

318
2071

24.4
7.1

32.4
23.1

12.4
2.7

Ctrl
Bt

87.8
80.8C

35000
46932

2420
435

869
860

6.8
10.9

31.5
18.1

14.4
5.6

3

Ctrl
Bt

88.0
78.6C

16020
11907

435
340

82
222

11.1
12.2

37.2
8.7

2.9
4.6

4

Ctrl
Bt

90.3
79.3C

4017
5760

485
725

16
518

7.2
2.6

24.3
9.8

4.8
7.7

5

Ctrl
Bt

87.9
85.0°

26160
7792

1790
4598

192
3349

13.4
5.0

26.3
23.7

7.5
26.7

6

Ctrl
Bt

82.0
85.7e

23012
39057

750
775

998
627

17.1
6.8

15.3
6.0

11.7
6.4

Mean^ Ctrl
Bt

88.0
81.6

21575
16307

681
873

203
869

12.8
7.1

27.5
14.1

8.4
7.8

Sign.

0.01

0.61

0.65

0.02

0.13

0.02

0.86

b
c
,
a
®
1

(p>

Yr 0 is pre-treatment; yr 1 and 2 are post-treatment.
Percent of larvae that died within 14 d of hatch.
Difference significant at P < 0.02 with Mantel and Haenszel's Chi-Square Test (Lee 1980).
Difference not significant (P = 0.16).
Difference not significant (P = 0.43)*
Means for egg mass density and egg mass virus loads are
calculated from the means of the transformed observa¬
tions .
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egg masses collected in treated plots was approximately half
the 27.5% observed with egg masses of control plots

(t =

2.87; df = 10; P = 0.017).
Reduced mortality among the offspring of the larvae ex¬
posed to B. thuringiensis is further suggested in the egg
mass densities at the end of the second larval season (Table
4, column 6) which were four times higher in treated plots
than in controls

(t = 2.77; df = 10; P = 0.020). Mortality

from NPV among larvae reared from these egg masses was com¬
parable for treated and untreated plots (Table 4, column 9).
The mortality rates from pre-treatment egg mass collec¬
tions were not a significant covariate in explaining the
lower infection rates among larvae collected from sprayed
plots

(F = 0.02; df = 1/9; P = 0.892) or larvae reared from

egg masses the following spring (F = 0.25; df = 1,4; P =
0.342). In both cases, the effect due to treatment remained
significant with the covariate included (F = 7.21; df = 1,9;
P = 0.025 and F = 15.52; df = 1,4; P = 0.005, for the larval
data and egg mass mortality in yr 1 respectively).
The daily observations of mortality and rearing at out¬
door temperatures in Cape Cod allow a more detailed descrip¬
tion of larval mortality due to NPV. The seasonal pattern of
mortality among larvae is illustrated in Fig.

15. Treatment

occurred between the first and second sampling dates as the
first wave of NPV mortality was about to occur. There was no
difference (t = 0.162; df = 4; P = 0.879)

in the cumulative

percent mortality of the first wave (Table 5, column 3)
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A

-0.41

(SE of A) (0.01)

-2.29
(3.15)

1.50
(5.59)

-0.71
(0.63)

2.41
(2.46)

10.20

15.54

(8.75) (1 1.36)

Fig. 15. Mean weekly percent mortality due to NPV among
field-collected larvae for each sampling date from 5 pairs
of B. thuringiensis treated and control plots established in
1983 and 1984 (Cape Cod, Massachusetts). The mean difference
(+ S.E.) of the paired treatments is given below for each of
the sample weeks. Larvae were returned to an outdoor insec¬
tary and reared on artificial diet under ambient conditions
for 7 d.
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which occurred during sampling weeks one to four; however,
differences in the mortality rates of the second wave in¬
creased steadily until mortality in control plots was twice
that occurring in treated plots by week 7

(Fig.

15). Cumula¬

tive NPV mortality during the second wave

(Table 5,

column

4) was 55.4% among larvae in control plots and 30.9% in
treated plots

(t = 4.76; df = 4; P = 0.009).

The long range effects of treatment with B.

thuringien-

sis in the Cape Cod plots are less obvious than those ob¬
served in Lyme. Mean egg mass densities for the treated
plots

(Table 3,

columns 6 to 8) were at least as high as

densities in control plots for both years following treat¬
ment

(t = 1.35; df = 4; P = 0.249 and t = 1.49; df = 2; P =

0.276,

for yr 1 and 2 respectively). NPV mortality associ¬

ated with the egg masses

(Table 3,

columns 9 to 11)

treated plots was also comparable in yr 1
3;

P = 0.668)

and in yr 2

The significance level
among the means

(t = 0.474; df =

(t - 2.097; df = 2;

P = 0.171).

of the tests for differences

(applied across all replicates)

tle effect of the B.
generations;

(P)

however,

from

suggest lit¬

thuringiensls treatment on subsequent
replicate pairs on Cape Cod were in¬

tentionally chosen to examine treatment effects under a
wider range of gypsy moth densities than replicates in Lyme.
Missing observations and variability in the efficacy of
treatment also make it difficult to draw conclusions from
the overall means for Cape Cod. Results may best be inter¬
preted with reference to the initial NPV occurrence among
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Table 5. Cumulative larval mortality from NPV during
the first and second waves, peak defoliation of white oaks,
egg mass densities, and egg mass virus loads from B. thuringiensis treated and control plots on Cape Cod, Massachusetts

Larval
DefolMortality iatlon
(%)
Rep

2n(3

1Trtmt Wave

Wave

YrO

0
329

275
827

8.8
9.8

Ctrl
2.6
43.8
Bt
10.4e 18.9C

35-45
< 5

314 6229
5857
1333 2027 14640

3

Ctrl
Bt

0.9,, 51.4^
3.2r 28.4r

55-65
< 5

1525
900

4

Ctrl
8.6
6.5.
Bt
17.5d 20.7a

55-65
30-40

1720
160
1080 1000

5

Ctrl 27.5,, 84.1
90-100 4100 1050
Bt
22.5r 60.7C 75-85 6950 1850

0.88 0.01

9

Yr2

2

Sign.

,
d
®
r

Yrl

> 95 12550
40-50 8380

(P)

65-75
30-40

<%)b

YrO

Ctrl 43.7
88.0
Bt
14.7C 28.9C

12.2 55.4
12.8 30.9

3
k
c

W.O.

1

Mean^ Ctrl
Bt

Egg Mass
Mortality3

(Egg Masses/ha)

(%)

■J^st

Egg Mass
Density3 * * * * * 9

2116
2374

427
400

246
868

0.91 0.25

1600
1475

Yrl

Yr2

NA
9.4
NA 10.6

4.1 17.2 30.5
3.3 11.3 15.9
4.6
4.3

4.5
2.0

NA
NA

4.5 17.6
9.3
8.9

NA
NA

NA
NA

26.5 15.2
12.1 27.2

NA
NA

1371
2614

2.3
4.2

7.5 13.0 13.1
6.8 11.2
8.2

0.26 0.87 0.74 0.16

Yr 0 is pre-treatment, yr 1 and 2 are post-treatment,
Percentage mortality within 14 d of hatch.
Cumulative larval mortality significantly different (P <
0.01) from paired control with Mantel & Haenszel's ChTSquare Test (Lee 1980).
P < 0.025.
P = 0.084.
Not significantly different (P > 0.10) from paired
control.
Means for larval mortality, egg mass densities and egg
mass virus mortality are calculated from the means of the
transformed observations.
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larvae and the success of treatment in reducing larval den¬
sity .
Replicate three had low levels of NPV mortality associ¬
ated with the egg masses and relatively low levels of mor¬
tality among larvae during the first wave

(Table 5,

columns

9 and 3). This was also the only replicate whose second wave
of larval mortality in the sprayed plot was not signifi¬
cantly lower than mortality in the control plot
sus 51.4% in the control; X2 = 0.82; df = 1;
Correspondingly,

(28.4% ver¬

P = 0.367).

there is no evidence for differences in egg

mass density or egg mass virus mortality in either yr 1 or
yr 2

(Table 5,

columns 7-8 and columns 10-11).

Mortality during the second wave in replicate five was
significantly lower in the treated plot than mortality in
the control plot
64.63; df = 1;

(60.7% versus 84.1% in the control; X2 =

P < 0.001); however, mortality among larvae

reared from egg masses the following spring
higher in the sprayed plot
in the control).

(27.2 + 4.1% versus 15.9 + 3.7%

Defoliation estimates

in the treated plot)

(yr 1) was

(75-85% defoliation

and egg mass density estimates in yr 1

(1850 + 584 EM/ha versus 1050 + 273 EM/ha in the control
plot)

suggest a minimal reduction in larval density due to

the B.

thuringiensis application. Results contrary to those

obtained in Lyme may result from this apparent lack of effi¬
cacy .
Defoliation estimates suggest that at least some mea¬
sure of density

reduction was obtained
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in the treated plots

of the remaining three replicates

(Table 5,

column 5)

and

larval mortality was significantly lower in all three
treated plots during the second wave
Correspondingly,

(Table 5, column 4).

the long range effects of treatment in

these plots were more similar to those observed in Lyme.
Mortality from egg masses of the treated plots was substan¬
tially lower than mortality recorded for egg masses from
control plots in yr 1

(11.3 + 3.1% versus 17.2 + 2.3% in the

control plot and 8.9 + 3.3% versus 17.6 + 3.1% in the
control plot,

for replicates 2 and 4 respectively)

for the

two plots in which data were available. Additionally, egg
mass densities at the end of the second year were consider¬
ably higher in the treated plots

(827 + 448 EM/ha versus 275

+ 101 EM/ha in the control plot and 14640 + 2434 EM/ha ver¬
sus 5857 + 1535 EM/ha in the control plot for replicates 1
and 2 respectively).

It should be noted that egg mass den¬

sity estimates were higher in treated plots than in the cor¬
responding control plots in four of the five replicates dur¬
ing the last year in which density estimates were available
(yr 2 for replicates one to three and yr 1 for replicates
four and five). Replicate 3 provides the only exception and
was also the replicate with the smallest difference between
treatment and control.
Discussion
Possible explanations for the reduced level of NPV mor¬
tality in plots sprayed with B.

thuringiensis fall broadly

into at least four distinct categories:
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1)

B.

thuringiensis

application may reduce the density of early instar larvae
that were infected with NPV resulting in lower rates of
transmission to healthy larvae
2)

B.

(Doane 1970;

see Chapter 1);

thuringiensis may be more likely to kill larvae that

are in the early stages of infection with NPV

(thereby low¬

ering the occurrence of mortality later in the season)
larvae that are more susceptible to NPV infection

or

(leaving a

residual population that is more resistant to NPV infec¬
tion);

3) Application of B.

thuringiensis may significantly

alter the environment of the residual population by reducing
defoliation of the canopy. Defoliation results in acceler¬
ated larval development

(Lance et al.

1987),

a reduction in

the availability of preferred foliage and changes in foliage
chemistry

(Schultz & Baldwin 1982). These factors could in¬

crease larval susceptibility to NPV

(Keating & Yendol 1987)

or increase the activation of latent infections in untreated
plots;

and 4)

Sub-lethal doses of B.

thuringiensis may

reduce the feeding rates during the the first wave of NPVcaused mortality

(Weseloh & Andreadis 1982, Wallner et al.

1983, Weseloh et al.
lum.

1983)

and therefore exposure to inocu¬

Sub-lethal doses might also reduce susceptibility

during this period by altering the gut pH.
Observations from this study and others may be useful
in suggesting the relative importance of some of these ex¬
planations. There is a substantial amount of evidence indi¬
cating that relatively small rates of NPV-caused mortality
among early instars cause epizootics later in the season
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through the release of inclusion bodies and transmission to
healthy larvae

(Doane 1970;

see Chapter 1). This method of

horizontal transmission operates across a wide variety of
gypsy moth densities

(Campbell 1963;

see Chapter 1)

and

density has been found to be an important factor in deter¬
mining the magnitude of late instar mortality
1963, Doane 1976;

(Campbell

see Chapter 4). Any treatment that reduces

the density of NPV-killed cadavers
of inoculum released)

(and therefore the amount

can be expected to reduce the inci¬

dence of transmission to the residual larval population. The
occurrence of similar mortality rates during the first waves
and substantially reduced mortality during the second waves
in plots treated with B.
Table 5)

thuringiensis on Cape Cod

(Fig.

15,

is consistent with this mechanism (the first ex¬

planation above). Additionally, Andreadis et al.

(1983)

re¬

ported that the prevalence of NPV in Lyme plots was posi¬
tively correlated with the residual larval density. All in¬
dications suggest that reduced horizontal transmission plays
a significant role in the B.

thuringiensis-NPV interaction.

Although a reduction in density-dependent horizontal
transmission may adequately explain the reduction in the
prevalence of NPV in treated plots,
also play a role.

other explanations may

Several observations are relevant in as¬

sessing the importance of the other explanations mentioned
above.
It is possible that larvae in the early stages of in¬
fection with NPV might experience higher rates of mortality
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from B.

thuringiensis than uninfected larvae,

resulting in

lower rates of mortality due to NPV later in the season.
However in Chapter 1,

I observed that second wave mortality

was entirely absent when larvae collected early in the sea¬
son or hatched from contaminated eggs were reared individu¬
ally. Thus, mortality among larvae infected as early instars
(prior to treatment with B.

thuringiensis) will most likely

occur during the first wave and second wave mortality re¬
sults from transmission after treatment. As mentioned above,
I observed differences in the mortality of the second waves
rather than the first on Cape Cod

(Fig.

15, Table 5). Thus I

find no evidence to support the contention that NPV-infected
larvae are more susceptible to B.

thuringiensis.

Other potential explanations involve the influence of
tree species

(Keating & Yendol 1987, Rossiter 1987)

liage chemistry

(Shultz & Baldwin 1982)

and fo¬

on the occurrence of

NPV mortality. While it seems likely that defoliation would
force larvae to change host species and that this might lead
to increased susceptibility

(Keating & Yendol 1987)

vation of latent infections,

or acti¬

it should be noted that my ob¬

servations from Cape Cod were almost entirely among larvae
collected from oak trees. Any effects due to host switching
would be above and beyond those observed in my studies.
addition,

Schultz

(1988)

In

observed that changes in foliage

chemistry from defoliation caused a reduction in NPV mortal¬
ity rather than the increase observed in my control plots.

I
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Lance et al.

(1987) concluded that gypsy moth larvae

from populations with higher levels of defoliation were ex¬
posed to microhabitats with higher temperatures. Treatment
with B. thuringiensis and the subsequent reduction in defo¬
liation may well result in cooler temperatures and may con¬
tribute to the difference in the rates of development among
larvae from treated plots. Under these circumstances, a de¬
lay in the timing of mortality might be expected, but not
necessarily in the overall prevalence because all larvae
infected will eventually die and provide inoculum for hori¬
zontal transmission. In addition, reduced defoliation may
actually provide protection of polyhedral inclusion bodies
from degradation by ultra-violet light thus increasing
transmission. It seems unlikely that temperature differences
alone could explain the reduction of NPV mortality I
observed in B. thuringiensis treated plots.
We have no evidence at this time that might help to
evaluate the roles of other factors such as the expression
of latent infections, selection of a residual population
more resistant to NPV or the sub-lethal effects of B.
thuringiensis on susceptibility to NPV. However, reduced
density-dependent transmission between larvae may explain
all of the effects of B. thuringiensis treatment on subse¬
quent mortality from NPV.
Application of B. thuringiensis may also affect the dy¬
namics of NPV in subsequent years. Transovum transmission
has been shown to be an important source of inoculum for
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larvae that die as early instars (Doane 1969, 1970, 1971,
1975). Doane (1976) suggested that transovum transmission
like larva-to-larva transmission is also a density-dependent
phenomenon. Although I did not directly measure larval mor¬
tality in the second year of these studies, I did measure
mortality among larvae reared from field-collected egg
masses. Mortality from NPV was lower in plots treated the
previous year with B. thuringiensis in Brimfield and in 8 of
the 10 plot pairs from Lyme and Cape Cod. Previous studies
have suggested that this type of assay is correlated with
and may be used to predict the subsequent occurrence of NPV
among larvae in the field (Doane 1971, 1976; see Chapter 4).
A second route of generation-to-generation transmission
may occur when first instars come in contact with contami¬
nated surfaces. It has been shown that exposed first instars
may acquire infections from a variety of contaminated sur¬
faces

(Doane 1975, Weseloh & Andreadis 1986; see Chapter 2).

Presumably, reduced rates of mortality during the second
wave and reduced density will both contribute to lower lev¬
els of contamination and lower rates of transmission to the
next generation.
Treatment with B. thuringiensis may have other effects
on the dynamics of the gypsy moth in subsequent years. Doane
(1968)

reported that egg masses collected from plots that

had been sprayed the previous spring with a chemical insec¬
ticide were larger than those collected from unsprayed areas
and Kaya et al.

(1974) observed the same phenomenon in B.
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thuringiensis-sprayed plots. Larger egg masses and reduced
larval mortality from NPV in the next generation could both
contribute to the higher egg mass densities I observed 2 yr
after treatment with B. thuringiensis.
The results of this study have important implications
for experiments designed to evaluate insecticide efficacy.
Many studies have failed to detect a reduction of egg mass
densities in B. thuringiensis treated plots (Dunbar et al.
1973, Yendol et al.

1973, Kaya et al. 1974, Wollam & Yendol

1976, Andreadis et al.

1982, Andreadis et al.

1983 ) and sub¬

stantial epizootics of NPV have complicated the evaluation
of both B. thuringiensis and pyrethroid treatments (Kaya et
al.

1974, Andreadis et al.

1982). Because egg mass densities

will be a function of both insecticide mortality and subse¬
quent mortality caused by NPV and other agents, assessment
of treatment efficacy may be obscured or erroneously eval¬
uated. Although this may be most apparent in high density
populations, NPV is also an important mortality factor in
populations that are not at peak densities (Table 5, repli¬
cate 3). The interaction between B. thuringiensis treatment
and NPV transmission may explain much of the variability at¬
tained in past evaluations of B. thuringiensis treatments
and suggests that the efficacy of B. thuringiensis treat¬
ments should only be evaluated by measuring larval mortality
or changes in larval density within a few weeks of treat¬
ment .
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The implications of this study for management practices
are more difficult to assess. It seems likely that reducing
larval densities with any insecticide will reduce the trans¬
mission of NPV and that this may prolong outbreaks under
some conditions (Doane 1968). However, even though some egg
mass densities were considerably higher in treated plots in
subsequent years

(occasionally more than 1,000 egg masses

per ha), I do not have defoliation estimates for these years
and other mortality factors are likely to be important under
these circumstances. In Cape Cod, treated plots rebounded to
high density levels more quickly than in Lyme (Tables 4 and
5), but control plots also rebounded to some extent (Bess
[1961] noted that gypsy moth populations on Cape Cod are un¬
usually persistent). Andreadis et al.

(1983) noted that NPV

operates in both B. thuringiensis-treated and untreated
plots and Turner (1963) concluded that there was no evidence
to suggest that pesticide applications prolong outbreaks
(measured in terms of area infested). Turner gave no details
as to the insecticide(s) used or the success in population
reduction. Although the nature of this interaction is very
complex and may depend on treatment efficacy as well as a
variety of initial conditions, the impact on densitydependent transmission of NPV should probably be a consid¬
eration in future management decisions.
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CONCLUSIONS

Doane (19763,13) suggested that epizootics of the
nuclear polyhedrosis virus (NPV) developed through densitydependent transmission both within and between generations
of the gypsy moth. Doane (1976a,b)

further suggested that

transmission from a highly contaminated environment would be
independent of gypsy moth densities in the years following
an epizootic. Many of the results from these studies support
this "modified density-dependent" model describing the in¬
teractions between the gypsy moth and its nuclear polyhe¬
drosis virus

(NPV). The bimodal pattern of mortality was ob¬

served in both high density and low density study plots and
detailed examination suggested that first wave mortality
provided the inoculum source for the horizontal transmission
leading to a second wave (see Chapter 1). Additional support
for the hypothesis of density-dependent transmission can be
found in Chapters 4 and 5 of this dissertation. In Chapter
4, a predictive model based on relative estimates of the
density of cadavers during first wave mortality provided a
reasonable predictor of the observed mortality during the
second wave. Secondly, applications of B. thuringiensis,
which reduce larval density prior to the first wave, did not
affect percentage mortality in the first wave, but caused a
reduction in mortality of the second wave (see Chapter 5).
Two sources of inoculum have been identified which lead
to first wave mortality. NPV contamination of the egg mass
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may lead to considerable mortality among hatching neonates
in some populations

(see Chapter 4). Shapiro & Robertson

(1987) have shown that late instars exposed to NPV are
capable of transmitting NPV to the egg mass and Murray &
Elkinton (1989)

found that the level of NPV in the egg mass

is related to the amount of NPV on the surface on which the
egg mass is oviposited. While the exact mechanism for
transmission to the egg mass was not detailed in either
study,

it is possible that both involve contamination from

an environmental source. The high level of mortality among
larvae reared from egg masses that were collected from tree
boles

(see Chapter 3)

is consistent with high levels of

contamination on bark surfaces, whether through larval
(Shapiro & Robertson 1987) or adult exposure (Murray &
Elkinton 1989).
Neonates may also become infected after leaving the egg
mass by exposure to contaminated surfaces (Doane 1975, Weseloh & Andreadis 1986; see Chapter 2). Thus, it appears
that both modes of transmission which lead to first wave
mortality may be density-independent as long as surfaces
remain contaminated after an epizootic as suggested in Doane
(1976a,b). As evidence for this, mortality was high among
larvae reared from egg masses that had been collected in
1986 and 1987 despite a reduction in gypsy moth densities
(see Chapter 4). Alternately, the relatively low levels of
second wave mortality that were observed in the sites from
1986 and 1987 suggest that larva-to-larva transmission prob-
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ably remains density-dependent after an epizootic. It seems
likely that leaf surfaces may be the main source of inoculum
to late instars if larva-to-larva transmission is in fact
density-dependent because NPV on leaf surfaces remains vi¬
able for a short period of time (Podgwaite et al.

1979; see

Chapter 1), while NPV on other surfaces appears to remain
viable considerably longer [as indicated by the egg mass
data from 1986 and 1987 and Podgwaite et al.

(1979)]. This

would explain why a predictor variable which included both a
density-independent measure of environmental contamination
(mortality among larvae reared from field-collected egg
masses) and a measure of larval density was most related to
second wave mortality (see Chapter 4). Additional research
will be necessary to verify this hypothesis.
We found no evidence to suggest that latent infections
played a significant role in the dynamics of the gypsy mothNPV interactions. Both first and second wave mortality from
NPV was observed in all plots regardless of density and as¬
sociated "stress"'

factors

(see Chapter 1). Mortality among

neonates reared from egg masses also appeared to be unrelat¬
ed to "stress" as measured by female fecundity (see Chapter
3). Differential infection rates were observed among larvae
collected from different host species (see Chapter 3) and
could be explained by activation of latent infections re¬
sulting from food related "stress"; however, these observa¬
tions are also consistent with Keating & Yendol (1987) and
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Keating et al.

(1988) who observed that infection rates were

dependent on the host on which the NPV was administered.
Density-dependent transmission through environmental
contamination adequately explains the development of epi¬
zootics in high density populations and density-independent
transmission to neonates may account for the maintenance of
NPV in the population for several years after a epizootic.
The maintenance of NPV across many years of very low gypsy
moth densities is more difficult to explain. A relatively
stable reservoir of infectious NPV in the soil would seem
the most likely source for egg mass contamination years af¬
ter an epizootic (see introduction); however, a low level of
latent infections could likewise provide a route for persis¬
tence in the population. At present there is no evidence to
indicate how NPV is maintained for the many years between
outbreaks. This is perhaps the most important area in which
future research can contribute to understanding gypsy mothNPV dynamics.
While researchers may become increasingly confident in
their understanding of the epizootiology of the gypsy moth
NPV, the application of this understanding to management
practices remains elusive. Applications of pesticides which
reduce densities among early instars will undoubtedly reduce
transmission rates to uninfected larvae and result in lower
levels of NPV-caused mortality in residual populations. The
simple model that was presented in Chapter 4, could provide
a rough estimate of the reduction in second wave mortality
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that is likely to accompany any given reduction in early in¬
star densities. Egg mass contamination at the end of the
year may also be reduced because the exposure of late in¬
stars, adults and/or egg masses to environmental contamina¬
tion will also be reduced (Shapiro & Robertson 1987, Murray
& Elkinton 1989; see Chapter 3). Direct evidence for this
scenario was presented in Chapter 5 using aerial applica¬
tions of B. thuringiensis. On the other hand, collecting
information on egg mass density, egg mass contamination and
hatch rates might allow managers to predict NPV epizootics
and thereby avoid the use of pesticide applications in a
population that is about to collapse. The complexity of the
gypsy moth-NPV system makes accurate predictions of long
term effects very difficult and experimental evaluation
costly. A mathematical model such as that developed by
Valentine (1981) may provide some assessment of the long
term impact of management strategies on NPV epizootiology
after being validated in the field. The development of such
a model may provide a useful tool in future management ef¬
forts .
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